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Abstract
The MIT Master of Engineering in Manufacturing team worked on productivity and
operational improvement projects with Konarka Technologies, Inc., a world-leading
organic photovoltaic panel manufacturing facility that is in the process of ramping up their
production volumes to meet growing demand. This thesis focuses on the development of an
automatic inventory tracking system and data collection tools to be used for accurate
production scheduling in the organic photovoltaic (OPV) finishing process after the OPVs
have been coated with the active material).
Because of the significant labor hours required and inaccuracies involved in manual
inventory counting, an automated inventory tracking system was developed for the
finishing processes using barcode readers and a Microsoft SQL Server database. The panel
yield and time stamp information collected from the database was used as the basis for
statistical analysis of solar performance testing data. This statistical data, as well as other
time study data, was then applied in the development of a comprehensive production
scheduling tool for accurate lead-time prediction for the different product types. Through
increased accuracy in production scheduling, the productivity of the manufacturing facility
can be improved.
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Chapter 1: Introduction
1.1 Overview
This thesis describes the group project undertaken at Konarka Technologies as part of the
requirements for the Master of Engineering in Manufacturing program at the
Massachusetts Institute of Technology. Konarka Technologies is a startup company which
manufactures organic photovoltaic (OPV) panels. Currently, Konarka's newly established
manufacturing facility in New Bedford, MA is undergoing rapid developments in its facility
in preparation for high-volume production in the near future.
Our project team investigated the state of the facility from a manufacturing perspective,
and we have observed that while the manufacturing processes are undergoing rapid
improvements, there are certain key elements in a high-velocity manufacturing
organization that could be further developed. The material flow on the shop floor is
currently not optimized, as there is a lot of unnecessary movement, there is a need for a
more structured platform for continuous improvement activities in which the
improvement ideas from operators are documented, and some productivity improvement
tools are outdated or require further development for improved information flow. If these
elements are implemented, the company will be able to sustain its improvement efforts
through increased discipline and structured improvements. Continuous improvement
processes encourage workers to solve root causes of problems, and productivity
improvement tools provide feedback on the state of the manufacturing process to facilitate
efforts in lean manufacturing and waste reduction.
Consequently, our team focused on developing and implementing the necessary framework
for implementing the continuous improvement and lean manufacturing processes.
However, this thesis focuses specifically on developing the framework for productivity
improvements through the automatic collection of production data, the statistical analysis
of historical production data, and its application to production scheduling in the OPV
finishing process (after the OPVs have been coated with the active material).
Other projects that were simultaneously undertaken at Konarka Technologies include
improved information tracking and sharing on the shop floor (Gong's thesis, [1]), the waste
reduction through shop floor layout improvements (Gogineni's thesis, [2]), and
implementation of a Continuous Improvement culture through Kaizen and 5S methodology
(Colaci's thesis, [3]).
In order to better understand the complexities involved in this manufacturing
environment, the company background, the industry, the markets, the product and the
manufacturing processes are described in this chapter.
1.2 Company Background
Konarka Technologies is the world leader in organic photovoltaic technology. The company
was founded in 2001 by a group of scientists at the University of Massachusetts in Lowell,
MA. The team was led by Dr. Sukant Tripathy, an internationally renowned materials
scientist; Dr. Alan Heeger, a Nobel Laureate in Chemistry; and Howard Berke, the current
Executive Chairman of the company. The vision of the company is to "imagine a world free
of carbon emissions, a world where even the poorest, most remote village has internet
access and electricity, and a world where power is safe, plentiful and truly green" [4].
The organic photovoltaic technology developed by the founding members led to
investments of over $170 million in startup capital and government research grants. The
company currently has investment collaborations with companies such as Chevron, Total
and Massachusetts Green Energy Fund.
Konarka Technologies has a staff of over 100 people in 2 locations; Lowell, MA and New
Bedford, MA. The R&D facilities and corporate office as located in Lowell, MA which also
has a small scale pilot manufacturing unit. In the first quarter of 2009, the company
expanded to a 250,000 sq. ft. manufacturing plant in New Bedford, MA. This facility was
formerly a Polaroid plant with a low energy footprint and a continuous roll-to-roll
manufacturing capability.
1.3 Markets
The company's solar panel product portfolio caters to three markets, which include
portable power, remote power and building-integrated photovoltaics (BIPV) applications.
The portable power market consists of charging units for small portable devices such as
mobile phones and laptops. The remote power market uses larger panels to cover carports,
awnings and tents which provide electricity to applications such as electric car charging
ports and advertising boards. The company caters to these markets through two kinds of
channels: direct sales, and sales to other manufacturers who integrate these solar panels
into their products. The BIPV market consists of solar panels sandwiched between sheets
of glass, and these are used for windows, retractable shades and greenhouses.
Konarka Technologies is now shifting towards manufacturing larger solar panels; hence,
they are concentrating more on the BIPV market. This shift has led to the evolution of the
product and manufacturing processes that will be described in the later sections.
1.4 Product
Konarka's product, the "Power Plastic", is a thin, flexible and lightweight solar panel that
converts solar energy into electricity using a semiconducting polymer material. Konarka's
founder Alan Heeger won the Nobel Prize in 2000 for synthesizing this polymer. In
addition to this polymer patent, Konarka Technologies is also protected by over 350
patents related to the research and manufacturing of OPV panels. They are constantly
improving the performance and have achieved 8.3% efficiency (NREL certified).
Further layers included with in power plastic are shown in Figure 1.
. Plastic substrate: the base on which additional layers are coated
" Transparent electrode: a transparent conductive oxide on the substrate, which acts
as the anode
e Coated active materials: the layers that converts sunlight into electricity and
transports the electrons
e Primary Electrode: this gridded silver layer acts as the cathode
e Transparent Packaging: layers present on both sides help protect the organic
polymer and other layers from degradation
Transparent
Packaging
Transparent
E1e arod[
Printed
Matedial
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Figure 1 - Layers in Konarka's Power Plastic Product [4]
The different layers are coated on the substrate in lanes that are about a half-inch wide.
These lanes are connected to each other in a series connection. This type of printing gives it
the striped appearance that is shown in Figure 2. The number of lanes in a product
determines the voltage rating. Konarka typically produces 20 and 40 lane panels. These
lanes are connected on each end to a bus bar which is used for making external
connections. The roll is divided into 1 foot long sections during the coating process. Each
section is called a module and multiple modules are connected in parallel to form a panel of
the required size and current rating.
Figure 2 - 20 lane wide, 6 modules product (6-20) [4]
Characteristics that determine product variety:
e Density of the primary electrode - opaque and grid silver patterns
e Transparency of the active polymer - BIPV applications require greater transparency
e Color of the active polymer - red, green, gray
e Packaging material - clear or matte finish encapsulation
e Length of the panel - can range from 1 module to 14 modules in length
e Width of the panel - can be either 20 lane or 40 lane wide, producing 7 or 14 volts
respectively.
As mentioned in earlier sections, Konarka is currently focusing on BIPV applications;
hence, the product is being altered to meet the specific demands of the market.
Transparent polymer with slightly reduced efficiency is being produced specifically for the
BIPV market. Three color options for the polymer are offered to appeal to wide range of
customers. The dimension of the product is also defined by the size of the window in which
it would be integrated. The company is moving towards wider formats to accommodate
large windows (60 lane product). Also, the gap between modules is being eliminated to
have seamless window integrated panels. All these changes add complexity to the
operations in terms of increased product range and modified manufacturing processes to
accommodate these above mentioned changes. [4]
1.5 Photovoltaic Industry Overview
Photovoltaics are the fastest growing power-generation technology, with an average
annual increase of 60% in power-generating capacity from 2004 to 2009 (up to 21 GW in
power generated in 2009). With the sun producing approximately 1 kW/m 2 of energy on a
sunny day, photovoltaic technology is a promising renewable energy source for the world's
energy needs. If all of the sun's energy that strikes the earth is collected for one hour, it is
enough to meet the world's energy needs for one year. [5]
There are many different types of photovoltaic technologies that are differentiated based
on the material and manufacturing process, and these can be divided into three types. The
most common form of solar panels is the bulk crystalline silicon (c-Si, or just Si) solar cell.
This technology capitalizes on the well-developed semiconductor industry that processes
silicon ingots for use in semiconductor devices, and as such, the Si solar panel industry is
also well-developed. However, these cells are on the order of hundreds of micrometers
thick, and due to the use of large quantities of Si material, the cost per panel is high. [5]
Consequently, the solar photovoltaic market is trending towards thin-film solar panels;
although the efficiency may be slightly lower compared to Si solar cells, the material costs
are significantly reduced. Thin-film solar panels can be deposited on glass or on flexible
substrates, which allows for flexibility of the panels; Si solar panels can only be deposited
onto rigid glass. Amorphous silicon (a-Si), copper indium gallium selenide (CIGS) and
cadmium telluride (CdTe) are the three most common thin-film solar panel materials.
Typically, these panels are manufactured using physical vapor deposition (PVD) or
chemical vapor deposition (CVD) processes and may require vacuum conditions, and this
increases the manufacturing costs and process complexity. These processes are also size-
limited and difficult to scale up. Moreover, CIGS and CdTe require toxic materials in its
manufacturing processes and are toxic at the end of life, which presents an additional
challenge in manufacturing and recycling the panels. [6]
Because of the limitations of the above thin-film solar technologies, alternate inexpensive
and non-toxic materials and large-scale manufacturing technologies are being explored.
This category includes dye-sensitized solar cells and organic photovoltaics (OPVs). Because
of the ability for the materials to be processed in a solution form, the solar panels can be
manufactured using a roll-to-roll process by coating or printing the active materials on a
flexible substrate. The solar conversion efficiency of these panels is quite low, but the
organic solar panels have the lowest manufacturing complexity, and the organic materials
used can have various colors and transparencies, allowing for greater customization in the
solar panels. Moreover, the low-light electricity generation capacity in organic
photovoltaics is much higher than in other technologies, allowing the panels to generate
electricity even indoors or on cloudy days. Thus, the total energy collected in one day by
OPVs is comparable to other technologies, even though the solar conversion efficiency is
lower (see Figure 3 below). Konarka Technologies is a world leader in the roll-to-roll
manufacturing of organic photovoltaics.
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Figure 3 - Total Energy Produced in One Day (in watt-hr), Normalized by the Power Panel Rating (in
watts) [4]
The three metrics used to judge the performance of organic photovoltaic technology
relative to other photovoltaics and forms of energy are cost, solar conversion efficiency and
lifetime. Currently, Konarka is able to achieve a 8.3% efficiency and a 5-year lifetime in a
laboratory setting. However, to increase its competitive advantage, these three
performance factors have to improve through improvements in R&D and manufacturing, as
the efficiency is much lower compared to crystalline silicon solar cells that can achieve a
solar conversion efficiency of greater than 20% [7].
SAM 7AM 12 PM
1.6 Manufacturing Processes
1.6.1 Manufacturing Facility
The manufacturing site is a 250,000 sq. ft. former Polaroid facility located in New Bedford,
MA. Polaroid's world-leading film production plant gave Konarka great starting advantages.
With some changes of Polaroid's film producing facility, Konarka currently manufactures
thin-film OPV solar panels with its continuous roll-to-roll printing technique. The former
Polaroid equipment allows Konarka to produce panels as wide as 60 inches.
1.6.2 Process Overview
Thin film OPV solar panels are made using an electronic printing technology that coat
layers of material onto a transparent plastic sheet. A schematic layout of different layers of
the product is shown in Figure 4.
Figure 4 - Konarka Product Architecture [4]
The print head for the coating process can have 10, 20, or 40 lane slits for liquid coating
onto the plastic web.
After the solar panels have been properly coated, they go through a finishing process that
encapsulates the solar panels between two plastic barriers to protect the active material
from degradation because of exposure to moisture or oxygen. Therefore, the entire
manufacturing process can be categorized into coating processes and finishing processes.
With the adoption of continuous roll-to-roll printing technology, of the coating processes
are continuous and operating reliably. Currently, the finishing processes are still labor-
intensive, run in a batch mode and mostly new to the company. This project focuses
primarily on the finishing processes, which will be discussed in Section 1.6.4.
1.6.3 Coating Processes
The coating processes schematic is shown below in Figure 5.
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Figure 5 - Coating Process Flow
The coating process, which runs on a continuous web, can run up to 100 ft/min. This
process takes place in a clean room environment, and the precision of the different coating
layers affects the functionality of the solar panels. After silver electrode coating, the
product, up to a 4,000 ft roll, will be transported to the finishing process to turn it into a
complete panel.
1.6.4 Finishing Processes
The bussing process is considered to be the start of finishing process. The finishing process
schematic is shown in Figure 6.
To Finishing
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From Coating
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Hand-Cutting
4th1 Side
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Ablation
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Lamination
Figure 6 - Finishing Process Flow
After coating, the solar panels will be stored in a roll format waiting to be finished.
initial bussing process, the panels will be unrolled, two conductive bus bars will be
on two sides of the panel, and then the panels will be rolled again for storage.
In the
placed
Following this, a proprietary process will require the rolling and unrolling of the panels.
Then, the panels are unrolled and cut (or "sheeted") to the desired length followed by top
and bottom lamination with plastic barriers and adhesives. An automated laser cutting
machine will precisely cut the laminated panels on three sides (front, left, and right). This
automated machine currently cannot cut the fourth side because the laser cannot move fast
enough to cut the ending edge. All four edges will have a one-inch edge of laminated
material for packaging. The sheeting, lamination, and three sides laser cut processes
operate sequentially on a conveyor belt.
Proprietary
Process
3 Sides Laser
Cut
Solar Testing
The panels will be baked in an oven for a minimum of 3.5 hours for curing the adhesives
used in lamination. The current procedure is to bake the panels overnight immediately
after lamination.
On the next day, the panels will be visually inspected for aesthetic defects such as
lamination bubbles or adhesive blotches.
Then, the panels will be brought to a separate station for 4th side cutting and ablation.
However, because of the unreliability of the three side laser cut process, all four sides are
currently being manually cut.
Two small holes are then ablated on the lamination material to expose the two bus bars for
electrical connection.
Finally, the solar panels are tested for solar power absorption performance before
packaging and shipping. A batch of panels are placed on the solar testing table for 3
minutes to soak up solar light, cooled for 1 minute on a metal table, then leads are placed
on the panels for an electrical connection to the digital multimeter to obtain solar
performance measurements.
Because of the labor intensity of the finishing processes, the production scheduling of the
finishing processes is quite complex.
Chapter 2: Problem Statement and Objectives
2.1 Problem Description
During the initial observation period, our project team investigated the state of Konarka's
manufacturing facility from a manufacturing and operations perspective, and we have
identified several areas of improvement. As Konarka Technologies transitions from the
startup to production ramp-up phase, several issues, which are listed below, must be
addressed to ensure sustainable high-volume production. These are the problems that our
project team decided to undertake based on the value addition to the company, our
capabilities and expertise, and the probability of success given our time constraints at
Konarka.
2.1.1 Production Information Systems Issues
At the present time, work-in-process (WIP) inventory tracking is done manually on the
shop floor by one operator at the end of the day, and this non-value-added process
consumes valuable time and human resources because of manual counting and time spent
locating WIP. One instance has been reported by operators that WIP inventory was missing
from its supposed location. Thus, reliability of the WIP data becomes an issue, as inevitably
mistakes are made [8]. If inventory tracking information is automatically and accurately
collected and centralized, this will lead to increased productivity and better problem
visibility.
Moreover, because there is a lack of an automatic tracking system, yield tracking and
production time study information must also be manually conducted. This process
consumes human resources, and this information is not available immediately as the
processes are running. Moreover, manual time studies may quickly become out-of-date
because of the rapidly improving nature of the company, and since these manual time
studies are performed periodically, the manual maintenance of this information becomes
challenging during high-volume production. This presents a challenge in quantifying
performance metrics and accurately predicting product delivery dates.
2.1.2 Production Scheduling Issues
Currently, the company is undergoing a testing phase to expand the capabilities of the
processes in preparation for high-volume production. As such, the production of solar
panels is in small quantities for testing purposes, and the plant is not running at full
capacity. However, the transition to high-volume production requires an accurate
production scheduling tool to predict lead-times and reduce WIP inventory for high
volumes of products. This tool must also take into account the different characteristics of
the different product types. There was a production scheduling tool that was developed
less than one year ago, but this tool has since become obsolete, as the time study data has
become out-of-date because of rapid developments in the processes. Moreover, because of
issues with manually recording data described in Section 2.1.1, the production scheduling
tool is difficult to update, as the manual records are decentralized and time-consuming to
sort through.
2.1.3 Production Information Sharing and Tracking on Shop Floor
While it is important to note the importance of having an automatic inventory and
information tracking system, this information must also be easily accessible to the
operators working directly on the shop floor. Currently, production information is
documented by operators on papers spread throughout the facility. Having an immediately
implementable information board that is maintained by the operators allows this
information to be centralized and apparent to everyone on the shop floor. Moreover, it
complements the automatic barcode system by serving as a verification tool once the
automatic system is online. Further details on this information tracking and sharing system
are described in Gong's thesis [1].
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2.1.4 Material Flow
During our observations and interviews with the operators, the team has identified that
there is scope for improvement in the way the various processes are arranged on the shop
floor. We have identified the need for a more structured movement of materials around the
shop floor. The objective of the company for this year is to ramp up their production be
able to meet a potential growth in customer demand. Given this, they will need to
rearrange their shop floor to reflect this growth. More space is required to be allotted for
work-in-process inventory in order to handle larger volumes. Further details on the
material flow are described in Gogineni's thesis [2].
2.1.5 Continuous Improvement Culture
While there were Continuous Improvement efforts occurring within the company, with
weekly meetings to discuss the state of the manufacturing facility, the standardization and
sustainability of these improvement efforts are neither as apparent nor structured, so the
diffusion of knowledge and issues is impeded. Quantifiable metrics to showcase the
increase in improvement efforts were not apparent on the shop floor. There is a need for a
more structured platform for carrying out improvement activities in which all the
operators are involved and feel a sense of ownership towards the solutions. This
Continuous Improvement culture will encourage workers to solve root causes of problems.
Further details on the Continuous Improvement culture are described in Colaci's thesis [3].
2.2 Other Issues
For the reasons mentioned above, the project team has decided to focus on the problems
listed above. However, other issues that were also identified are described below. This is to
give a complete overview of other work and operations carried out in the shop floor.
2.2.1 Lamination
The lamination process involves sandwiching sheeted substrates between two rolls of
protective barriers that are running continuously and bonding these materials with a UV-
curable adhesive. Lamination is the finishing process where the company is experiencing
the most machinery problems. The main issue is related to air bubbles that develop in the
adhesive underneath the lamination material. The bubbles do not affect the performance of
the panels, but they are a cosmetic issue that needs to be solved, especially since the
company that sees growth potential in the window integrated solar panels (BIPV).
2.2.2 Ablation
The ablation process involves using a laser beam to remove a small section of the
lamination material above each bus bar, and this serves as an electrical contact for the solar
panel. The ablation process is carried out manually, panel-by-panel, by the operator. It is a
time-consuming process and it requires manual handling of the panels that should be
minimized in order to prevent scratches. Ideally, this process would be in-line right after
the lamination process. This will solve the issue of handling, automate and speed up the
process, and there will be less WIP inventory, since the whole operation from sheeting to
ablation will be in-line.
2.2.3 Solar Testing
Similar to the ablation process, this is an operation requiring manual handling of panels,
with the same issues related to manual handling. Also, since 100% of the panels are tested,
this is a laborious process. Having an in-line solar test station would be the ideal situation
to reduce the amount of processing time required. The current solar soaking process
required for the solar testing (described in Chapter 1) is limited by the area of the solar
testing table, so larger panels require much greater soaking time, which accounts for a
large portion of the solar testing time.
2.3 Objectives
To sum up, after the initial observation period, we have defined our short and long-term
goals for the project. The ambitious long-term objective is to establish a lean culture in the
organization, a culture that will lead Konarka toward a path of Continuous Improvement.
Our goal is not just to leave the company with tools to improve its manufacturing
operations, but to explain the process of their development and demonstrate their
effectiveness to ensure future continuous improvement activities.
In terms of the short-term objectives, the main focus is to provide some tools to boost
productivity and to build a reliable and efficient system that is able to meet the future
demand. It is worth reiterating that Konarka Technologies was focusing on the
improvement of its manufacturing processes, and production was focused mainly on a
series of test products. Given this situation, we have worked on improvements of the
current system, but we always take into consideration the future plans and perspectives of
the company. The current production model, while working well enough in the small scale,
may not be able to keep up with the growth that Konarka Technologies expects.
The current information system that was used on the shop floor primarily consisted of
manual records, causing production information to be decentralized and difficult to access,
maintain and use for accurate production scheduling as described in Section 2.1.1 and
2.1.2. The current system is illustrated in Figure 7.
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Figure 7 - Schematic of Current Status of Information System
Consequently, the team aided in transitioning the current system to one that uses
automatic information recording and centralizes the information in an online SQL
database, allowing for much greater accessibility and organization for WIP and process
information. The proposed automatic information system for inventory tracking is shown
in Figure 8.
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Figure 8 - Schematic of Proposed Automatic Information System for Inventory Tracking
The automatic barcode system for information tracking provides new opportunities in the
statistical analysis of data, allowing for improved production scheduling and better process
control. Moreover, as a transitional tool, before the barcode system is in place and tested
for its robustness, we also propose developing an immediately implementable Kanban
information board that is maintained by operators for inventory information tracking and
sharing on the shop floor. It also serves as a verification tool for the barcode system once it
is in place to ensure that the WIP information in the barcode database is correct.
2.3.1 Scope
This thesis will cover the productivity and system improvements comprising:
e Inventory barcode tracking system framework for automatic data collection
e Extraction and statistical analysis of data from the barcode system
e Production scheduling tool using this data
Other operational improvements that our team has successfully implemented in the
Konarka manufacturing facility include:
e The operator interface for the barcode tracking system
" Implementation of the SS methodology and Kaizen events
e Shop floor layout optimization
* Information board for tracking inventory on the shop floor
e A continuous improvement (Kaizen) board
For further details on information sharing through the information board, tracking system
and operator interface, please refer to Gong's thesis [1]. For details on waste reduction
through floor layout optimization and Kaizen board, please refer to Gogineni's thesis [2].
For details on the integration of the continuous improvement culture into Konarka through
the 5S methodology and Kaizen events, please refer to Colaci's thesis [3].
Chapter 3: Literature Review
This thesis project is based on lean manufacturing and statistical principles; thus, related
background information is provided on these topics.
3.1 Lean Manufacturing and Waste Reduction
Lean manufacturing is a production practice that increases the effectiveness of the
company's resources for value creation for the end customer. In other words, this practice
increases or maintains the value of its product to the company's customer while lowers its
own manufacturing cost. The lean concept is centered on preserving value while reducing
work and resource use.
The lean philosophy is originally derived from the Toyota Production System (TPS) [9].
TPS is renowned for its waste reduction practices and achievements that also improve
overall customer value. The success of Toyota relied heavily on its TPS philosophy and
concepts. Lean practices involve production flow improvements and the optimal usage of
time and capital: in other words, the reduction of the wasted resources.
In lean manufacturing, waste is a loosely defined term that describes any ineffective usage
of resources. All unnecessary materials, resources, and non-value added work are
considered waste. Specifically, there are product transport and human movement wastes,
inventory and inconsistent flow, over-processing waste, and defect wastes [10]. In the
following literature review, applicable theory and examples will be discussed in detail.
3.1.2 Product Transport & Human Movement Waste
Product transport and human movement wastes are time and resources wasted on non-
value-added work. Usually, this can be reduced via improving the process flow, factory
layout, and possibly the machines. Historically, perhaps the most famous implementation
of this is Henry Ford's moving assembly line [11].
Henry Ford saw workers in automobile industry waste a lot of time walking back and forth,
getting different tools and parts. To reduce all of this movement waste, Ford introduced
the moving assembly line that drastically reduced people's movement within the factory.
The assembly line moved the automobile smoothly in an in-line assembly plant where all
the automobile parts were assembled onto the car at different work stations. Thus,
workers did not have to move at all, and each worker just needed to handle a specific
simple assembly task with a designated tool. This revolutionary manufacturing idea soon
spread throughout the world, and fundamentally boosted manufacturing capacity
(especially the automobile industry) to an unprecedented level. [11]
Similarly, the factory layout is crucial to product transport and human movement waste
reduction. Common practices include Value Stream Mapping or Process Stream Mapping,
which originated from Toyota [12]. At Toyota, it is also known as "material and information
flow system". The five steps of this Value Stream Mapping implementation are followed:
1. Identify the product or service
2. Understand and Identify the current layout, manufacturing steps, process delays,
and information flows of the factory
3. Evaluate the current process flow map and identify possible areas of improvement
4. Design a future layout and process stream map
5. Implement the improvements, get feedback and adjust accordingly
Ideally, Value Stream Mapping also identifies the value-added processes. Thus, operational
managers can minimize the non-value added processes and focus on the big value-added
processes. In Konarka, however, the target products are solar panels that are coated in a
roll-to-roll manufacturing process; therefore, our main objective is to organize and smooth
production flow to reduce movement waste. An organized layout will facilitate material
movement and minimize worker idleness due to lost parts or unorganized material
handling.
3.1.3 Inventory & Inconsistent Flow
The main reasons for keeping inventory are to offset uncertainties by acting as a buffer to
prevent stockouts, and to take advantage of economy of scale (bulk transport). WIP
inventory is created to offset different process variations so that it can smooth out the
production line. Finished inventory work is a buffer against increased production lead-time
from stockouts. However, excess inventory leads to increased inventory holding costs and
loss of revenue from unsold inventory. There is raw material inventory, WIP inventory, and
finished goods inventory. Managing WIP inventory is especially important for the finishing
side of Konarka's manufacturing facility.
Just in Time (JIT) production is a practice of reducing WIP inventory with continuous and
smooth production processes. This will require detailed process time study and scheduling
improvements. It is also essential to make the fluctuating or problematic process more
apparent so that people can identify the problem as soon as possible.
Barcode or RFID identifications are also commonly used to track the work in progress
inventory throughout the production line. An accompanying database can systematically
track the exact quantity, quality, and location of the WIP inventory. On the shop floor, it
may also be easier to work with a more physical form of inventory tracking such as a
physical information board.
3.1.4 Over-processing Waste
Over-processing waste refers to the ineffective manufacturing process or design used in the
facility. Designed-for-Manufacturing (DFM) and machine automation practices (e.g. laser
trimming and ablation machine) can be implemented to reduce such over-processing
waste. These improvements, however, require a longer development phase and fall outside
of the scope of our project.
3.1.5 Defects Waste
Solar panel defects are a major manufacturing problem at Konarka. Many panels with low
efficiency and aesthetic defects such as bubbles or adhesive overflow would become scrap,
later recycled for silver. Removing these defective panels at early stage of the process also
avoids over-processing waste. It is also essential for the company to establish and maintain
a robust yield tracking system that facilitates production yield improvement.
3.2 Statistical Process Control
Statistical Process Control (SPC) is a collection of tools used to monitor the consistency of a
process, to ensure that there is little variability in its quality characteristics. It is based on
the notion that a process is only in a state of control (minimum variation) when it is acting
purely randomly. A sophisticated yet commonly used tool in SPC is the control chart, which
is used to detect assignable causes of variation (i.e. non-random behavior), which is
different from chance causes of variation, which are random. A process with assignable
causes of variation is also known as an out-of-control process. The control chart can be
used to reduce variability in the process by detecting assignable causes of process variation
so that identification, investigation and improvements on the assignable causes of process
variability can commence quickly [13].
The ? and R control charts are typically used to monitor the process average (mean quality
level) and the process variability respectively. This allows both the process mean and
process variability to be maintained at acceptable levels. The Shewhart Control Chart for
Individual Measurements is used when the sample size used for process monitoring is an
individual unit. In this type of control chart, the important parameters are the Upper
Control Limit (UCL), Center Line (calculated from the average value of the data points k)
and the Lower Control Limit (LCL).
For the R chart, these are calculated as follows:
UCL = 3.267MR
Center line = MR
LCL = 0
For the - chart, these are calculated as follows:
MR
UCL = + 3 1128
Center Line = z
MR
LCL = z- 3LCL 31.128
Where
x =
Is equal to the average of the data (where m is the number of sample points), and the
moving range for consecutive observations (n = 2) is equal to
MRj = |xi - xi_1I
And
MRMRi
M -1
The average moving range is used for estimating the process variability. [14]
These limits are typically estimated through choosing 20 to 25 samples in which all points
are in statistical control to obtain trial control limits. These sample points should be inside
the control limits for both the i and R control charts and have no systematic behavior. If so,
these trial control limits are suitable for controlling current and future production [14].
A typical - and R control chart is shown in Figure 9 below. The data point that exceeds the
UCL in the R chart is highlighted to show points at which there are assignable causes of
process variability.
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Figure 9 - Sample Shewhart Control Chart [15]
An out-of-control signal is a data point outside of the control limits, and this indicates a
shift in the process due to a new source of variation. For a process that is in-control (i.e. a
process in which a mean has not shifted because of special causes), the average number of
observations until an out-of-control signal occurs via a false alarm is 370.4. This is known
as the average run length (ARL). This number is derived from the following equation:
1
ARL = - (3.1)
p
When p = 0.0027, it is equivalent to the probability of a data point being outside the 3-
sigma control limit (the equivalent of being 3 standard deviations away from the mean).
This value is derived from data points which have a normal distribution, although this limit
can also be used for non-normal data points. This is because of the Central Limit Theorem:
regardless of the type of distribution, the distribution for random values will eventually be
normally distributed as the sample size increases, if the values are independent of each
other and have an identical distribution [16]. For a process that is in-control, there is a
0.27% chance for a false alarm for an out-of-control signal. This gives an ARL value of
370.4.
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In the case of Konarka Technologies, an out-of-control signal may be attributed to operator
fatigue, equipment failure, change of environment, or degradation of tooling or material.
Through plotting the control chart, one can use these tools investigate possible assignable
causes of this shift, which will be discussed in the statistical analysis of the lamination
results. Statistical analysis will be used for a more accurate representation of the time
studies for each process discussed in Chapter 4 and 5.
Chapter 4: Methodology
This chapter describes the methodology that was used to develop the inventory tracking
system and database, the statistical analysis of the database that was employed for the
lamination and solar performance testing processes, and the use of this statistical data as
well as manual time study data in production scheduling.
4.1 Inventory Tracking System and Database Development
The team developed a tracking system schematic for the WIP inventory that illustrated the
flow of material and how barcodes would be printed and read. The panels have a unique
14-bit panel ID encoded in a data matrix based on its production run number and its
location in the coated roll (see Gong's thesis [1] for details on the barcode convention). For
an illustration of the data matrix and the types of barcode readers and printers required,
see Appendix C.
We discussed the feasibility of this system with the stakeholders in this project, and both
our group and the stakeholders felt that the implementation of this system would allow
Konarka to reduce its operating costs. The proposed schematic is shown in Figure 10.
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Figure 10 - Barcode Tracking System Schematic
The goal of this tracking system is to increase inventory accountability and overall system
performance by making any production problems more apparent through tracking the
inventory status. At the current stage, we worked toward an ideal fully-automated system
as well as an implementable system in the short-term. The barcode printed for each
module at the bussing station must be an invisible barcode printed on the edge of the bus
bar because of aesthetics concerns of having a visible barcode in the middle of the panel.
However, once the modules are sheeted into a panel form and laminated, the barcode
printed on the external lamination barrier must be visible for customer traceability
reasons.
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4.1.1 Barcode Tracking Procedure
The beginning of the tracking system occurs at the bussing station, where an ultraviolet
(UV) barcode is printed on each of the modules and is read immediately by an in-line
reader and its panel identification number (ID) is entered into a database. The reading
process also doubles as a verification system that checks the integrity of the printed
barcode. At this stage, all of the modules are considered good and the same is reflected in
the database. Any issues that are identified during the bussing process are tagged by
physically marking the specific module with a colored marker or sticker. This process will
later be automated. The roll is wound up and sent to the proprietary process station.
At the proprietary process station, all of the individual modules are not read, but only the
first good and last good modules are read. This marks all the modules in between these two
series of numbers as good. This saves the process of reading all the modules again and is
still accurate, as no modules are removed from the roll at this stage. Any problematic
panels that are produced during this stage are tagged with color markers or stickers,
similar to the bussing step. The roll is wound up and sent to the sheeting process.
The roll is then sheeted into individual panels. A panel consists of one or more modules.
This is the first stage where bad panels can be removed from the roll and entered into the
database. The stickers or markings made during the previous two steps are helpful in
identifying the bad panels. The bad panels are scanned using a hand scanner and are
categorized according to the type of issue.
The remaining good panels make their way to the laminator through a series of conveyor
belts. The UV data matrix cannot be read once the panels are laminated with UV blocking
barrier material. Hence, a second visible one-dimensional barcode is reprinted on the
barrier material along with a product code.
These panels are read once again before entering into the laminator and the information
hence captured is attached to the new barcode printed on the barrier material. The new
panel barcode should contain information about all the modules that make that panel. This
reading helps in verifying the information collected in the database till this stage, hence
making the system error-proof. The printed barcode is read again by an in-line reader and
this information is entered into the database.
At the end of the laminator there is a quality check station where all the bad panels are
tagged using a hand-scanner and categorized according to the type of issue. After this, the
panels are sent for ablation (after baking and hand-cutting if necessary) where they are
scanned again using a hand-scanner mounted directly on the machine. In case of any
mistakes during the ablation process, the operator can manually tag them as bad from the
work station located next to the machine.
Finally, the panels are scanned once again at the solar tester and are tagged as bad in case
they do not comply with the required voltage or current specifications.
At each stage of the process, there is an opportunity to tag the panels as defective according
to the type of defect. Moreover, the time stamps for each panel at each process are
recorded into the barcode database. These serve as the basis for the time and yield studies.
4.1.2 Process Input Parameters
For documentation, quality and process control purposes, the input parameters for panels
at each step in the finishing process were also recorded in the SQL database through an
operator interface that our project team had developed. An example screenshot of the
interface that we developed and used to record the input parameters is illustrated in Figure
11. For further details of the usage and operation of the interface for the finishing process,
please consult Gong's thesis [1]. The complete operator interface is shown in Appendix D.
Lamination
Run # Edit Text
Roll # Edit Text
Panel Part # Edit Text
Lamination Speed
Conveyer Speed
Sheeter Unwind Tension
Edit Text
Edit Text
Edit Text
ft/min
ftm
N
-Phoseon
Top Bottom
Top Dose Edit Te, Edit Tea mJ/cm2
Edit Text
Operator
Machine
Setup
Tony
EatoTr I
IEdit'Txhs
Room Temperature Edit Te C
Relalive Humidity Edit Te! %
W K
Top
CH/B Clear
Pai Number Drop
Expiry Date Edit Text
Pot Pressure Edit Text
Temperature Edit Text
Start Volume Edit Text
Bottom
Clear
Drop
Edit Text
Edit Text ps1
Edit Text C
Edit Text 9
Conmerds
Figure 11 - Operator Interface for Input Parameters of Lamination Process
If the standard operating procedure or parameters for a process deviate from the norm for
a particular batch of panels, the changes are recorded in the database using the operator
interface. If a change in a parameter increases or decreases the yield or process rate for the
panels, the new procedure can be modified to include the better condition. Because of the
necessity for this documentation, the team has collected the all of the input parameters
required for each step in the finishing process. This information is listed in Table 1.
Table 1 - Process Input Parameters Required for Each Step in the Finishing Process
Bussing Parameters
Process Run #
Roll #
Operators
Date & Time Start
Date & Time End
Equipment Name
Bussing Material
Proprietary Proc. Parameters
Process Run #
Roll #
Operators
Date & Time Start
Date & Time End
Equipment Name
Material
Lamination Parameters
Process Run #
Roll #
Operators
Date & Time Start
Date & Time End
Equipment Name
Top Web & Bottom Web
bamer-
Top Bottom
Pa Numb Droo Dro
Lot Number Droo DroD
Surface Finish C
Tension Edit Text Edit Text N
Surface Energy Edit Text Edit Text mJ
Temperature Edit Text Edit Text C
D r
North Lot #
South Lot #
North Meters Bussed
South Meters Bussed
Speed
Temperature
Relative Humidity
Pressure
Unwind Tension
Takeup Tension
Web Tension
Ablation Parameters
Process Run #
Operators
Date & Time Start
Date & Time End
Equipment Name
Lot #
Run Length (m)
Temp. (hotshoe top)
Temp. (hotshoe middle)
Temp. (hotshoe bottom)
Temp. (nip roll 1)
Temp. (nip roll 2)
Speed
Solar Testing Parameters
Process Run #
Operators
Date & Time Start
Date & Time End
Equipment Name
Vmax
Pmax
Efficiency
Fill Factor
Voc
Isc
Testing Area
Module Parameters
Module Barcode #
Roll #
Scan time at each process
Good/Bad for each process
Module Width
Process Run # for Bussing
Process Run # for PP
Process Run # for Lamination
Process Run # for Ablation
Process Run # for Solar Testing
Part Number
Tension
Surface Energy
Surface Finish (Matte, Clear)
Top Delo & Bottom Delo
Ch/B
Exp Date
Pot Pressure
Line Temp.
Phoseon Light
Top Dose (mJ/cm 2)
Bottom Dose (mJ/cm 2 )
Top Temp
Bottom Temp
Laminator Speed
Phoseon Knob Setting
Sheeter Unwind Tension
Conveyor Speed
Room Temp
Relative Humidity
Start Delo Use (g)
End Delo Use (g)
Top Roll Use (ft)
Bottom Roll Use (ft)
Panel Parameters
Panel Barcode #
Module Barcode #s
# Modules
Scan time for each process
Good/Bad for each process
Solar Testing Data
Batch Tag for Baking
Process Run # for Bussing
Process Run # for PP
Process Run # for Lamination
Process Run # for Ablation
Process Run # for SolarTesting
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This information was derived from the paper records that operators use to document the
input values for the parameters used for each process, as well as speaking with the
engineers and operators working directly on the processes about additional important
parameters that are required for documentation.
Of particular importance are the module and panel parameters, as they included the scan
times and whether the panel was labeled as defective at each process for each module or
panel. This information was used for statistical analyses of the processes.
Also, the module and panel parameters also include links in the database tables to the
process run numbers at each process, so the specific input parameters at each process can
be recalled. This allows for the analysis of the causes of defects: for example, if a change in
input parameters occurred, this may have resulted in increased defects.
The panel parameters also include information about the solar testing data (including its
voltage and power values at maximum operating power), and this is used to identify
defective panels through their failure in meeting the specifications.
4.1.3 Inventory Tracking Using Barcode Reading Time Stamps
The summary table shown in Table 2 illustrates inventory tracking for a single sample run,
with the module IDs numbered according to their position in the roll. In the tracking
system database, the barcode time stamps are recorded as each panel is scanned.
Table 2 - Inventory Tracking Status Table Showing Barcode Reading Time Stamps and Status of Panel
Inventory Status
Panel PoreaySolar
Bussing Sheeting Lamination Ablation Sting Status
ID Process Testing
2011-08-01 2011-08-02 2011-08-03 2011-08-03 2011-08-04
0001
11:00:00.000 11:00:00.000 11:00:00.000 11:00:00.000 11:00:00.000
2011-08-01 2011-08-02 2011-08-03 2011-08-03 2011-08-04
0002
11:00:10.000 11:00:10.000 11:00:10.000 11:00:10.000 11:00:10.000
2011-08-01 2011-08-02 2011-08-03 2011-08-03
0003
11:00:20.000 11:00:20.000 11:00:20.000 11:00:20.000
From Table 2, it can be seen that two panels (Panels 0001 and 0002) have been ablated and
ready to be solar tested, as the final time stamp is at the ablation process for these panels.
Panel 0003 has been tagged as defective at the lamination station, and the reason for the
defect has been recorded.
Using the barcode time stamps, it can be seen that the barcode reading time difference
between panels can be determined by subtracting the panel's time stamp with the previous
panel's time stamp in a particular process.
Once all the panels have been either been solar tested (and ready to be shipped) or labeled
as defective), the final yield can be calculated by the ratio of the defective panels to the
ratio of total panels.
These time and yield data are then analyzed via statistical methods.
4.2 Statistical Data Analysis
Concurrent with the development of the barcode inventory tracking system was the
development of automatic data collection and analysis for each process. From the barcode
reading times recorded at the time of scan, the difference in time between panels was
determined, which provided automated time study data. This has not been previously
explored in Konarka Technologies, and it coincides with the need for accurate time study
data for future production scheduling once production ramps-up.
As a result, a framework for extracting useful information from the data was developed,
and this information was used for analyzing the yields and operating times for each
process. This information was then used to identify areas of improvement in the process
and for accurate lead-time prediction.
The barcode system used for inventory tracking at each process station was used to
determine the number of panels that are processed in a particular batch. As each panel was
read from the barcode reader, their panel ID numbers were captured in an SQL database.
Moreover, from this system, bad panels were tagged according to the type of defect
present, and this was used to determine the number of bad panels in each process for a
particular run and hence the process yield. From the process yields, a graph was generated
to determine the major causes of failure in the finishing line. The barcode time stamp was
used to determine the average operation time, frequency and duration of machine failure,
and the percentage of uptime. The setup time was also determined using the difference in
time between when the operator first runs the tracking program for the process and the
time when the process has been set up and the panel is first read. From these times, a
control chart was generated to detect assignable causes of process variation.
A Microsoft Excel spreadsheet using the built-in Visual Basic for Applications (VBA)
programming language was created to extract information from the raw data being entered
into the database. Using VBA, a connection to the SQL database containing the information
from the barcode system was made, and SQL queries were executed against the database.
The SQL code can be found in Appendix A and Appendix B.
Because the barcode tracking system and database was not fully set up, data analysis could
only be conducted on solar performance testing, as only in this process was a barcode
system in place to track panel IDs and its corresponding electrical performance. As well,
this system also tracked barcode time stamps, allowing for time analysis. Also, an in-line
barcode reader was purchased and tested for the barcode system (though no longer being
used) for the lamination machine, and the database to collect reading time data was
developed. This test was executed for limited amount of test panels, allowing for an
analysis framework to be developed.
To calculate the time difference between consecutive panels in the database, an additional
column for the reading time of the previous panel needs to be joined to the current table
(with the reading time of the current panel). This is done in SQL, as processing large
amounts of data in Excel is slower than in SQL. The SQL code is shown below.
FROM tblDifference Cur Left Outer Join tblDifference Prv ON Cur. RowNumber
= Prv. RowNumber + 1
Afterward, the difference in time (in milliseconds) between the between these consecutive
read times were calculated using the command below:
datediff (ms, Prv. ReadD ate, Cur. ReadD ate)
The times that are recorded are in the format 2011-07-01 23:59:59.993.
4.2.1 Lamination Data Analysis
For the lamination process, which is a roll-to-roll process, the time difference between
panels had very similar times for all panels when the process was in-control, since the
lamination speed was kept constant and the panels were fed into the lamination machine
with a consistent gap. However, when the process was out-of-control, the operators
stopped feeding panels into the lamination machine to fix the problem, so there was a large
time difference between panels.
Thus, control on the time difference between panels was established to determine when
the process is out-of-control and when the process is operating normally. This was
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determined by plotting the run chart of the reading time difference between panels for one
lamination run (60327-120), shown in Figure 12 below.
Run Chart for Lamination Process Run 60327-120
50
40 -
30 -
20 -
LU -
'
0 200
rL
_1W_4
400 600
T1_ * PIAJ
"'At sj
800 1000
Sample
Figure 12 - Run Chart of Inter-Panel Times for Lamination Process Run 60327-120
The trial control limits were obtained by plotting 25 consecutive data points that do not
show large, out-of-control variability. In this case, points 601-625 were chosen because
there are no apparent outliers in the data and because it shows typical, reasonable
variability in the data.
The k and R charts for the sampled data are shown in Figure 13 and Figure 14 below.
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Figure 13 - X-bar chart for lamination process sample data, obtained from points 601-625 in Figure 12
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Figure 14 - R chart for lamination process sample data, obtained from points 601-625 in Figure 12
From these graphs, it can be seen that the process was not out-of-control for this short time
duration, and the largest deviation between read times is 6 seconds when the process was
in-control, according to the R-chart. Furthermore, from plotting the ? chart, it was shown
that the upper control limit is 13.9 seconds with an average lamination time of 8.2s. Thus,
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the UCL of 13.9s for the read time was used to differentiate between points that were in-
control versus points that were out-of-control.
After separating these two types of time differences, the average and standard deviation of
the operating time (time difference between panels when the process is operating
normally), the time duration of normal operation (average total time of normal operation)
the time duration of failures (when the process is out-of-control), and the average run
length (using Equation 3.1) was calculated.
4.2.2 Solar Performance Testing Analysis
To characterize the functional performance of the OPVs, a sweeping voltage (increasing
voltage at regular intervals from OV to Voc, the open circuit voltage of the panels) is applied,
and the corresponding current is recorded. This is performed under Standard Test
Conditions (STC) for solar panels: 1,000 W/m 2 irradiance, solar spectrum of AM 1.5 and
module temperature of 250C [17]. By multiplying the values of the input voltages with the
output currents, the power outputs at the voltage intervals can be calculated. The voltage at
which the maximum power is recorded (Vmax) and the corresponding maximum power
output (Pmax) are used as specification values for the solar panels.
The specifications are as follows: for 20 lane products, Vmax must be greater than 7V and
Pmax must be greater than 0.95W * n, where n is the number of modules. For 40 lane
products, Vmax must be greater than 14V, and Pmax must be greater than 1.90W * n, where n
is the number of modules. If the panel satisfies both the Vmax and Pmax specifications, it is
counted as a good panel; otherwise, the panel is counted as a defective panel.
In this analysis, data was gathered from the solar performance testing barcode reading
data from June 1st, 2011 to August 12th, 2011 and analyzed according to their yield and
time data.
The percentage of panels which are good, defective because of low Vmax and defective
because of low Pmax are plotted on the same graph. This graph will be discussed further in
Chapter 5.
Moreover, a similar time analysis described earlier in Section 4.3.1 is performed on the
solar performance testing process. As well, summary charts based on the time differences,
probability plots and histograms were also generated for visual representation of process
quality based on this time difference.
4.3 Manual Time Study Analysis
The next step in the process was to identify the bottlenecks in the process and to analyze
the processing times for each station to allocate appropriate space and resources for WIP
inventory. Konarka is currently in the pilot run phase and is in the process of ramping up
their production to full-scale manufacturing. This created an interesting challenge, as the
time studies we performed were not exactly representative of the final goal. Because the
equipment used on the floor is being modified and tested simultaneously by Konarka
engineers, and because the product is also constantly undergoing changes, it was difficult
to gather time study data that was representative of typical production rates. One other
challenge we faced was that both the test runs and production runs were being run on the
same cell and at times created inconsistent data.
However, we were able to collect time study data for the ablation and solar performance
testing processes and use this data for the production scheduling tool, and this is described
in detail in Section 5.3.1. This data was collected based on counting the number of minutes
required to process a small number of panels (50). Thus, this was not completely
representative of process times for high-volume production. This is because the
unexpected process breakdown times and shifts in the time averages for longer time
durations were not taken into account. We also faced difficulties in obtaining sufficient data
points for our time study, as the production runs were infrequent and had to be limited in
quantity of panels produced daily.
4.4 Production Scheduling
For the reduction of delivery lead-time to satisfy customers' demands in a timely manner,
an accurate production scheduling tool is required. This will increase efficiency of the
operation, reduce work-in-process waiting time and hence reduce costs. The production
scheduling tool allows the production scheduler to determine the number of hours
required to process a given number of goods, and how many operators, machines and
hours to allocate to each process, allowing for optimal resource allocation.
4.4.1 Issues of Production Scheduling in Startup Environment
Because of several factors inherent in a startup environment, the development of the
production scheduling tool becomes very difficult. There is a great amount of fluctuation in
demand: because there are no established, dedicated customers, there are no regular and
predictable trends in demand, and sometimes there may be prolonged periods of several
weeks of no demand for any product. However, the production scheduling plan must be
developed with full-scale production in mind, as there may be an opportunity for a high
influx of customers and demand in the future.
Moreover, because of the customizability of the products, there are many different product
types: there are currently over 15 product types being produced, though there are
theoretically over 30 product types (a product can have either a 20 lane and 40 lane panel
width, and anywhere between 1-15 module panel lengths). Furthermore, the product is
undergoing continuous technological improvements, so additional customization of the
transparency, colors and panel lengths (continuous panels allowing for lengths of fractional
modules) is possible in the near future, thus increasing the number of possible product
types to over 300. This means that production of most types of panels must be made to
order, and not made to stock, unless the product has exceptionally high demand. Thus,
inventory buildup of larger area panel types are not desired, as they have low demand.
4.4.2 Accuracy in Production Scheduling
Solar panel products with larger surface areas (for example, a 14 module length, 40 lane
width panel) require a much greater handling time than panels with smaller surface areas
(for example, a 1 module length, 20 lane width panel) when they are manually handled, so
the panel size affects the manual inspection, ablation and solar performance testing
processes significantly.
In a startup environment, there are rapid improvements in the processes, so the time
studies that have been conducted less than one year ago may be outdated in the present.
Certainly, this is the case for the previous production scheduling tool developed a year ago:
it is no longer being used, as some processes (such as crimping the electrical connections)
have become obsolete. Also, the time study data that the production scheduling tool uses
does not take into account the differences in time between different panels, so the resulting
estimated time may be off by more than a week.
When possible, the process times for each panel type at each process can be estimated from
historical and time study data (such as barcode reading data for solar panels or process
yield data at each process), but reasonable estimates of data must be made for several
processes (such as the bussing and proprietary process), based on the physical process
parameters (such as the roll-to-roll movement rate of the machines) and the percentage
likelihood that machine and/or product is likely to be defective.
4.4.3 Inputs and Outputs
To create the production scheduling sheet, we have to determine the inputs and outputs of
the system as well as the finishing processes itself. In this production scheduling sheet, the
user inputs the number of panels required and the product panel type, and this sheet
outputs the total number of hours required to complete the entire quantity of panels after
they have been completely processed. Also, within each process, the total time and the
number of input and output panels are displayed. The minimum total time required to
process the entire batch of panels is called the minimum cycle-time [18] and assumes
maximum production rate and no waiting time.
4.4.4 Process Parameters
In the production scheduling sheet, the historical parameter values significantly affect the
output values to reflect a more accurate lead-time prediction. The historical process rates
at each machine (bussing, the proprietary process, lamination, inspection, ablation and
solar performance testing) were used for a preliminary estimation of the amount of time
required at each machine. As well, we must assign an uptime percentage that takes into
account the unexpected downtime in each process step. These unexpected downtimes may
come from transportation of work-in-process inventory, faulty equipment, other processes
requiring the operator's time, or other unexpected reasons.
The historical yields of each process also affect the output values. If a certain percentage of
panels are scrapped, then more panels must be produced to compensate for the lost panels.
The setup times of each process increase the total time required to finish processing the
panels.
The time when each process begins (relative to its immediately upstream process)
determines the amount of additional manufacturing plant hours required. For example, if
the process begins only after the previous process is complete, the total time required for
the two processes is equal to the sum of the two processing times. If the two processes
occur simultaneously, then the total time required is equal to the process with the highest
process time. If processes are in-line, then they can be assumed to occur simultaneously.
Some processes, such as hand cutting, may be optional. This is because the three sides laser
cutting after lamination may be reliably used for slower lamination rates, but not so for
higher lamination rates. Thus, an option must be available in the production scheduling to
choose whether this process is used or not.
Also, some processes may have two machines operating simultaneously to increase the
process rate. Thus, the production schedule must have the option to choose the number of
machines, as well as which machines, to use. A total process rate, as well as their
corresponding uptime % and yield %, calculated from weighted averages, must be
calculated if more than one machine is used. This calculation is explained in Chapter 5.
The process parameters, inputs and outputs that were collected for the production
scheduling sheet are listed below:
Output: Total time for each process, total time for delivery, # rolls required, coated
roll length required
Input: Panel size, number of panels required, % safety stock, start current process #
hours after upstream process (for all processes)
Parameters:
Bussing: Setup time, bussing rate, uptime %, yield %
Proprietary Process: Setup time, process rate, uptime %, yield %
Sheeting: Setup time, sheeting rate, uptime %, yield %, is it in-line with
lamination?
Lamination: Setup time, lamination rate, uptime %, yield %
Baking: In-line baking or not?
Hand Cutting: hand cutting rate, yield %, uptime %
Inspection: Checking rate
Ablation: laser 1 in use, laser 2 in use, both lasers in use?
For each laser machine: ablation rate, yield %, downtime %
Solar Testing: MinilSun in use, 1Sun in use, both solar testing tables in use?
For each solar testing station: panel testing rate, yield % downtime %
The number of people at each process depends on the number of machines in use for each
process. This data was collected from the production scheduler and are listed below:
bussing: 1, proprietary process: 1, sheeting: 1 (if in-line: 0), lamination: 3, inspection: 1,
ablation: 1-2, solar testing: 1-2. It is important to note that one person may be operating
different machines on different days because of the shortage of dedicated operator(s) to
each process and because some processes may not operate on certain days.
Once these data for these parameters were collected and estimated from historical data
(either from automated tracking data or manual time studies), a complete production
schedule was then created.
4.4.5 Visualization of the Production Schedule
To display the data in a user-friendly format to manage the production schedule, a Gantt
chart illustrating the time required for each process was formed. The horizontal bars
represented the amount of time required for each process, and each row represents
different process. An example Gantt chart is illustrated below in Figure 15:
Figure 15 - Sample Gantt Chart [19]
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Concurrent horizontal bars represent processes that can be operated in parallel, and
horizontal bars which follow one after the other represent processes which must be done
sequentially. In this manner, the total amount of time to complete the production run is
visibly shown, as well as the amount of time require for each process.
Chapter 5: Results and Discussion
5.1 Barcode Tracking System
The barcode tracking system proposed in Chapter 4 was still in the process of being fully
implemented into the finishing processes at the time of writing this thesis. The UV barcode
data matrix printer was already operational when our team started working at Konarka.
The Keyence SR-600 barcode reader was first tested as a candidate for the in-line reading
of the data matrices, as it is capable of reading code as fast as 160 m/min [20]. However, it
required an external UV light source, and this proved to be problematic: the camera and
light system was not robust, as there were problems with the data matrix recognition even
after adjusting the UV light source angle, camera lamp angle, and the distance between the
light source and camera. Our team attempted to adjust the lighting condition as well as the
matrix recognition software with the barcode reader without success. Working with
Konarka's tracking system team, we had determined that we had to go with a new UV
barcode reader with a built-in light source.
Thus, the tracking system team purchased the InData Systems LDS4620 cordless handheld
UV barcode reader which had a built-in UV light source [21]. It is a robust barcode reader
that scans both 1D and 2D barcodes. A picture of this barcode reader is shown in Figure
16.
Figure 16 - InData Systems LDS4620 Handheld Barcode Reader with Built-In UV Light Source for
Reading UV Data Matrices [21]
The UV barcode reader has been implemented in the bussing station to track production,;
however, due to the testing and updates of the manufacturing facility, quantifiable
production data is still unavailable. Currently, the plan is to continue with integrating this
barcode reader at other stations, and the high-speed version of this barcode reader (InData
Systems Hawkeye 2020) [22] is being investigated for the future roll-to-roll processes
(bussing, the proprietary process, sheeting and lamination) once the process speed can be
increased reliably.
5.2 Barcode Database Analysis
Because the barcode tracking system has not yet been fully implemented, there is limited
data that could be collected from the tracking system. Fortunately, the solar performance
testing process currently has an operational barcode reader and software in place that
tracks the current-voltage (I-V) characteristics of the finished panels, and this has been
used as the basis for statistical analysis in this thesis and can be applied to other processes.
Moreover, from the brief testing period of the in-line UV barcode reader in the laminator
process, barcode read time information was collected, allowing for the framework for data
analysis to be developed.
5.2.1 Yield Results and Analysis for Solar Performance Testing
Using the methodology explained in Chapter 4, data was gathered from the solar
performance testing barcode reading data from June 1st, 2011 to August 12th, 2011 and the
yield data was analyzed. The summarized results are shown in Figure 17 below.
Solar Testing Yield Data from 06/01/11 to 08/12/11
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Figure 17 - Top: Yield Graph for Solar Performance Testing, Dividing Yield into Good Panels, Defective
Panels Because of Low Vmax and Defective Panels Because of Low Pmax; Bottom: Actual Number of Good
Output Panels
The tabular results can be found in Appendix E. The yields for each batch of solar panels
tested (classified by process runs and panel types) were calculated from the specifications,
based on their Vmax and Pmax. They are sorted by the last panel tested.
For 20 lane products, Vmax must be greater than 7V and Pmax must be greater than 0.95W *
n, where n is the number of modules. For 40 lane products, Vmax must be greater than 14V,
and Pmax must be greater than 1.90W * n, where n is the number of modules. If the panel
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satisfies both the Vmax and Pmax specifications, it is counted as a good panel; otherwise, the
panel is counted as a defective panel.
From the data, it can be seen that initial process runs that were tested have very low yields
(with some runs even having a 0% yield). However, further solar performance testing was
promptly terminated, as the number of panels tested was less than 60. These panels were
produced from test runs and were not used as actual production panels.
However, newer process runs tended to have a greater yield with over 85% yield for the
most recent runs, yielding over 700 good panels with 85% yield for 3 runs.
Also, it is important to note that for the majority of these runs, having a low Vmax is the main
reason for the defective panels, whereas only two of the process runs have a low Pmax. (If a
panel has both nonconforming Vmax and Pmax, it is classified as defective because of low
Vmax, as the value of Pmax is dependent on the value of Vmax).
A bad Vmax is indicative of a defect in one or more lanes, and most likely, silver electrodes
overlapping the semiconductor on the next lane is the main cause. This is because separate
lanes connected in series contribute to the increase in voltage, and when the silver
electrode on one lane makes a connection with the semiconductor instead of the
transparent conductive electrode on the adjacent lane, causing an electrical short [23]. This
is in accordance with the product architecture shown in Figure 4 in Section 1.4.
A low Pmax, assuming Vmax is within specifications, indicates that not enough electrical
current is generated by the panel when exposed to the sun. This may be due to a variety of
causes, including material defects and coating defects, and most likely systemic rather than
local defects, as they do not affect the lane voltage outputs.
Thus, determining the reason for the yield loss in addition to the actual yield itself is useful
for root cause analysis for the defective panels, and using the barcode tracking system can
provide reliable and quick information for this analysis.
5.2.2 Time Results and Analysis for Solar Performance Testing
To understand the time study results that were collected from the barcode readers, it is
necessary to describe in detail the procedure for testing the solar panels. The solar
performance testing procedure begins by soaking a batch of panels under simulated
sunlight on the solar testing table (with batch size limited by the panel size and space of the
table used) for 3 minutes to activate the semiconductor material. Once complete, the panels
are then collected and placed on a metal surface for cooling down to conform to STC
conditions, which requires 1 minute. Then, the actual testing phase begins, and panel
barcodes are scanned, electrical connections to the panels are made, and results are
collected. This takes roughly half a minute for each panel, regardless of size. After testing is
performed for the entire batch, another batch of panels then undergoes the same
procedures.
From the barcode time stamp recorded at the time of scan, the inter-panel times
(difference in reading time between panels) was calculated. All of these times are graphed
in a probability distribution plot using Minitab, a statistical analysis software package used
for Six Sigma and other statistical process improvement methods [24]. This graph contains
the sorted data values plotted on a log-normal graph (normal distribution scale on the y-
axis and a logarithmic scale on the x-axis) that shows the expected probability distribution
for the inter-panel times, and this is shown in Figure 18 below.
Aggregate Panel Read Times Percent Distribution
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Figure 18 - Aggregate Panel Read Times Probability Distribution
This log-normal plot of the ordered data is essentially a cumulative frequency plot of the
total data. If the logarithm of the values follows a normal distribution, this plot would
appear to be linear. From Figure 18, it appears that there are two linear regions with steep
slopes: one from around 20 to 40 seconds, and a second for around 400 to 500 seconds.
These two distinctly sloped regions are highly indicative of a bimodal distribution, each
distribution with a different mean and variance. The decrease in the slope that follows
these two sloped regions is indicative that there is tailing to the right in the distributions.
Accordingly, we can use this plot to distinguish the inter-panel times (barcode reading time
between panels).
The inter-panel times were grouped according to the duration of this time difference based
on the shape of the graph (where the graphs level off) and based on the constraints of the
processes (explained below).
e Testing time is classified the time between consecutive readings from 0-5 minutes.
" Soaking time is classified as the time between 5-30 minutes.
" Break time is classified as the time greater than 30 minutes.
These times are based on the observation that over 70% of solar testing times are between
20-45 seconds, as seen from the steep slope between 20-45 seconds in the graph. This is a
reasonable result, since it typically requires less than one minute to physically test the
panels, and this is the main action required for solar performance testing. 20% of these
solar testing times fall between 45 seconds to 5 minutes, with longer read times being less
common, as seen from the almost horizontal slope in this time period.
Since soaking requires 3 minutes of soaking on the solar table, 1 minute of cooling, at least
half a minute total of gathering panels from the solar table and cooling table, and likely at
least half a minute of making connections for the first panel, the lower threshold for
soaking was set to 5 minutes. This is also supported by the sudden steep slope past 300s in
the graph "Aggregate Panel Read Times". This accounts for 10% of the reading times.
Break times include the times that are not normally part of the solar testing process. These
times are more varied, and range from 0.5 to 4 hours. These breaks may be due to lunch
breaks, meetings, operators working on other processes or other reasons. Lunch breaks are
scheduled to be half an hour, and so the time of 0.5 hours was chosen as the threshold for
break time.
From this plot, an estimated value for the inter-panel times based on the percentage
distribution can be obtained. For example, from this graph, it can be seen that 70% of the
inter-panel times are less than 45s: if a horizontal line is drawn at 70% until it intersects
the plot, the vertical line on the point of intersection corresponds to 45s on the x-axis.
Having identified the three different regions for inter-panel time variations based on the
characteristics of the solar testing process, we can assume that each of these is an
independent normally distributed process and create three different normal probability
plots to test this hypothesis. The normal probability plots of the panel test times, soaking
times and break times based on these classifications are shown in Figure 19, Figure 20 and
Figure 21 respectively.
Figure 19 - Panel Testing Time (<5 Minutes for Inter-Panel Times) Cumulative Frequency Plot
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Figure 20 - Panel Soaking Time (Between 5 and 30 Minutes for Inter-Panel Times) Cumulative
Frequency Plot
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Figure 21 - Break Time (>30 Minutes for Inter-Panel Times) Cumulative Frequency Plot
From Figure 19, the panel testing time distribution plot, it can be seen clearly that inter-
panel times between 20 to 40 seconds have a steep, linear slope, and inter-panel times
above 40 seconds have a gentler slope. Likewise, from Figure 20, the panel soaking time
distribution plot, inter-panel times between 5 to 9.5 minutes have a steep, linear slope, and
inter-panel times above 9.5 minutes have a gentler slope.
From these graphs, the following conclusions can be drawn:
e 75% of panel testing times are below 42s, according to Figure 19
0 75% of soaking times are below 11 min for all panel types, according to Figure 20
* 95% of break times vary from 0.5h to 4h according to Figure 21 (however, it is
important to note that break times can be controlled and scheduled, since it is
unlikely that there is a machine failure in this process)
Thus, we can say with a 75% confidence level that panel testing requires 42s per panel, and
that batch panel soaking requires less than 11 minutes. This level of confidence can be used
for more accurate prediction of production lead-times in production scheduling.
Figure 22 shows the same data in Figure 19, Figure 20 and Figure 21 in a histogram format.
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Figure 22 - Histograms of Inter-Panel Times, Divided Into Three Time Durations
Top Left: <5 mins (Panel Testing); Top Right: 5-30 mins (Panel Soaking); Bottom Left: >30 mins
(Break Time); Bottom Right: Summary Table for Skew and Kurtosis Values of the Plots
The inter-panel times for all three histograms appear to be "bell-shaped" (like the normal
distribution). They are heavily skewed towards the left with a long tail on the right, and
indeed, the positive skew values in the summary table indicate that this is the case. This
indicates that the inter-panel during panel testing, panel soaking times and break times
68
Histogram of Read Times Less Than 300s
have a tendency towards greater time durations, especially for panel test times with a high
skew value of 4.74.
Also, as indicated by the high kurtosis values (especially the value of 28.03 for the panel
test times) and from the sharp histograms, the variance in time values is more likely
because of infrequent extreme deviations rather than smaller deviations. This indicates
that the panel test times do not deviate significantly from the mode, meaning that this
testing process is well-controlled.
Moreover, from the tabulated time data summary for the time period (see Figure 23
below), it can be observed that the average test times are mostly below 50s for small 20
lane panels, and the soak range from 7.7 minutes to 15.8 minutes for the panels. The
standard deviations of the test times and soak times suggest that the test times and soak
times do not vary depending on the type of panel, and there is no noticeable trend
depending on the size of panels. The number of panels per hour is then mostly influenced
by the number of panels per batch of solar soaking, which is dependent on the panel size
and solar testing table area. In addition, some larger panel sizes do not have testing times
because there is only 1 panel per soak.
Panels Total Total Total Total Panels Avg. Avg. Soak Stdev. % Soak
# # # # Per Time Test Soak Break Per Test Time Stdev. Soak Time to
Machine Lanes Mods Panels Soaks Breaks Soak (h) Time (h) Time (h) (h) Hour Time (s) (mi) Test (s) (min) Total Time
1Sun PC#1 20 1 3067 202 39 15.18 123.96 33.36 31.55 59.06 46.32 42.24 11.61 28.12 5.39 48.6%
1Sun PC #1 20 2 266 33 4 8.06 13.76 3.12 5.81 4.82 28.99 48.86 12.03 34.86 5.54 65.1%
1Sun PC #1 20 3 104 23 5 4.52 10.31 0.98 3.99 5.34 19.73 44.02 13.29 42.92 7.18 80.3%
1Sun PC #1 20 4 8 2 0 4.00 0.44 0.08 0.36 0.00 18.27 47.45 10.76 20.64 3.38 81.9%
1Sun PC #1 20 7 20 12 1 1.67 2.37 0.17 1.43 0.77 11.88 77.70 7.78 43.99 2.51 89.2%
1Sun PC #1 20 14 8 7 0 1.14 1.16 0.00 1.16 0.00 6.03 NULL 9.95 NULL 6.43 100.0%
1Sun PC#1 40 1 36 5 2 7.20 6.57 0.49 0.79 5.29 24.91 61.23 15.83 29.72 9.72 61.6%
1Sun PC#1 40 3 31 12 2 2.58 4.39 0.61 1.95 1.82 11.30 116.28 11.71 49.52 7.27 76.1%
1Sun PC #1 40 4 7 4 0 1.75 0.96 0.08 0.88 0.00 7.30 93.63 13.21 35.24 10.23 91.9%
1Sun PC #1 40 5 32 17 2 1.88 3.80 0.41 2.11 1.27 11.49 106.48 8.44 65.68 3.33 83.6%
1Sun PC #1 40 7 4 4 2 1.00 1.44 0.00 0.34 1.10 5.90 NULL 10.18 NULL 2.90 100.0%
1Sun PC #1 40 10 5 5 0 1.00 0.66 0.00 0.66 0.00 7.60 NULL 7.90 NULL 0.43 100.0%
1Sun PC #1 40 11 33 31 4 1.06 10.05 0.00 4.36 5.69 6.19 NULL 9.69 NULL 4.91 100.0%
MinilSun 20 1 2627 274 44 9.59 112.49 25.04 35.75 51.70 42.15 38.66 9.33 21.85 4.11 58.8%
MinilSun 20 3 29 7 1 4.14 3.38 0.35 1.10 1.93 17.90 63.23 11.01 9.27 7.03 75.8%
Figure 23 - Tabulated Time Data Summary Sheet for Solar Testing
From Figure 23, it can be seen that the distribution of inter-panel times are skewed
towards lower time durations. If this is taken into account, the median test times are
considered to be a better indicator for the average test times because of the more frequent
occurrence. Indeed, the median test time of 35s is much lower than the average test times.
From the data, the following summaries can be drawn:
e On average, 46 panels per hour can be tested for 1-20 panels on the 1Sun table
e On average, 42 panels per hour can be tested for 1-20 panels on the MinilSun table
0 75% of panel testing times are below 42s (for 20 lane panels)
e 75% of soaking times are below 11 min for all panel types
e 95% of break times vary from 0.5h to 4h, but break times can be controlled and
scheduled, since it is unlikely that there is a machine failure in this process
e The number of panels per soaking batch depends on the panel size and machine
e The % of soak time to total time required for testing panels increases as panel size
increases, with over 50% for panels larger than 1-20s
From observation of the solar testing process, it was observed that 18 to 20 1-20 panels
can fit as one soaking batch for the 1Sun table, and 10 1-20 panels can be batched for the
MinilSun table. Since the MinilSun table can fit in a lesser amount of panels than the 1Sun
table, the average number of panels per hour that can be tested on the MinilSun (for both
1-20 and 3-20 panels) is lower than for the 1Sun table, even though the average testing and
soaking times were lower. These statistics will be used for production scheduling for the
solar testing process.
5.2.3 Lamination Data Results and Analysis
During the brief testing phase for the now-defunct in-line barcode reader (which is now
replaced by a superior reader), the barcode reading times and panel IDs were collected for
each panel using the methodology described in Chapter 4.
To determine whether the process variability and average process times for the entire
lamination run were out-of-control or not, upper control limits (UCL) and lower control
limits (LCL) were established for the i and R control charts, as determined from Section
4.2.1. These control charts and their control limits are shown in Figure 24 and Figure 25.
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Figure 25 - R-Chart for Complete Lamination Process Run
From these charts, it can be seen that the process was not in-control, as out-of-control data
points occur quite frequently. For this lamination run, the average run length before an out-
of-control data point occurs is about 11.8 (see Table 3), and a process that is in-control
with normally distributed data points will have a nominal ARL of 370.4, as explained in
Section 3.2. However, because this data may not exactly follow a normal distribution and
because the mean and standard deviations are estimated from the trial data (and not from
the total population), the comparison of the ARL to the nominal value should serve only as
a guideline rather than a target value. Instead, this tool is better used as an alarm to call for
an investigation of whether a systematic or special cause of variation has occurred in the
process when a point falls outside the limits. If there are a significant number of data points
that fall outside of the control limits, then most likely some assignable cause of variation is
present and must be rectified. The control chart serves as a quantitative tool for
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determining whether a process is in statistical control such that appropriate actions can be
taken to bring the process back into control.
In these test runs, 1 module, 20 lane solar panels were produced, and the lamination
machine was running at 9.7 ft/min. Assuming a 6" gap between modules for creating the
lamination barrier border that is formed around each panel, the number of panels that are
processed per minute is equivalent to 484.1 panels/h. For the conversion of ft/min into
panels/h, the following formula is used:
panels ft 60 min 1 module 1 panel
y = x-* *h min h 0.702134 ft nmodules (5.1)
For the lamination process, 1 panel is replaced by
n modules
1pane1 module to account for
n modules+0.5 f t*0.7 0 2 1 3 4 ft
the 0.5 feet gap between panels.
According to shop floor operators, this gap width is a reasonable assumption. (If there is no
gap between the modules when they are sheeted, the lamination rate is 828.9 panels/h if
the lamination machine is laminating 1 module, 20 lane solar panels at 9.7 ft/min.)
Data from test runs on the lamination process was obtained using the data extraction
method described in Section 4.2, and this data is summarized in Table 3.
Table 3 - Lamination Summary Table for Production Test Runs for 1 Module, 20 Lane Solar Panels
Tme Std. Avg. # Total Total Avg.Process Total # Btw. Dev. Panels # In- Time Process % Run
Run # Panels Per Control 00C Time Uptime LengthPanels (s) Hour (min) (h) (ARL)
(s)
60278 57 10.70 3.15 336.47 53 1.69 4 0.17 86% 14.3
G1090 13 9.11 3.53 395.20 12 0.80 1 0.03 71% 13.0
G1076 14 7.59 1.60 474.25 13 0.60 1 0.03 75% 14.0
60327 438 12.06 3.85 298.44 407 72.58 31 1.47 55% 14.1
60327- 1388 9.11 2.53 395.13 1270 68.82 118 3.51 75% 11.8
120 1 1
The average number of panels laminated ranged from 298 to 474 panels/min, which were
consistent with the estimated lamination rate of 484.1 panels/h (assuming a 6" gap
between panels). The standard deviations of the barcode reading times were less than 50%
of the mean value, indicating that the panels were being fed into the laminator at a
consistent rate. Recall that in Chapter 4, when the inter-panel times are greater than the
upper control limit of 13.9s, the process was classified to be out-of-control (OOC) (and in-
control if the point falls within the limits). The total out-of-control time is then equal to the
sum of these reading time differences that are out-of-control, and the frequency at which
the process is out-of-control is shown in the column "# OOC" The uptime % is calculated by
dividing the total time that the process is out-of-control (OOC) by the sum of the total OOC
time and total process time. The average run length is obtained by using Equation 3.1, by
dividing the total number of panels produced by the number of times the process was out-
of-control. For Process Run # 60327-120, ARL == - 8 = 11.8.
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From the operator interface that was developed for the laminator barcode reader (refer to
Section 4.1.2 in this thesis and Gong's thesis for details [1]), the exact times when the
interface was launched and closed were recorded. This allowed for the setup time and
cleanup time to be determined (assuming that 1. Process setup began immediately after the
program was launched, and 2. Process cleanup ended immediately before the program was
closed). The setup time was calculated from the difference between the time of program
launching and the first barcode reading, and the cleanup time was calculated from the
difference between the time of the program closing and the last barcode reading. (Note,
however, that at the time of this writing, these times currently cannot be reliably used, as
there is a timing bug in the developed program.)
5.3 Production Scheduling Tool
A production scheduling tool was created using Microsoft Excel to estimate the total
number of hours required to produce a specified number of acceptable panels of a certain
panel type. This tool was based on the historical time and yield production data and past
process parameters used for each product type.
The following are the manufacturing processes important for production scheduling in the
finishing process for OPVs.
There are several parameters that affect the time required for each process. These are the
setup time, the rate at which the process operates, the percentage of time that the machine
is in operation (also known as uptime), and the yield of the process (since more panels are
required to be produced to compensate for the reject panels).
The production scheduling tool that was developed by the author is shown below in Figure
26:
Process Number (n) Process Name
1 Bussing
2 Proprietary Process
3 Sheeting
4 Lamination (including baking)
5 Hand Cutting
6 Inspection
7 Ablation
8 Solar Testing
Konarka Production Scheduling Tool for Finishing Process
iut
Panel Type
Quantity Demanded
% Safety Stock
Avg. Coated Roll Yield %
Start proprietary process
Start sheeting
Inline lamination & sheeting?
% panels hand cut
Start inspection
Start ablation
Start solar testing
1-20
2000
5%
90%
1 module(s) 20 lanes
7.0 hours after bussing
hours after proprietary process
YES
100%
7.0
7.0
7.0
(leave blank if no hand cut)
hours after hand cut and with
hours after inspection
hours after ablation and with
Conversion Factors
0.702134 ft per module
7.0 hours per work day
6 inch gap between panels
during lamination
2,000 ft per average length of
coated roll (=2848 panels)
--> Start hand cutting
100% inspection
100% solar test
hours after lamination
Ablation lasers used:
Solar testers used:
LASER 1: YES LASER 2: NO
1SUN: YES MINilSUN: YES
Output
Min. Time Required
Coated Rolls Required
Coated Roll Length Required
Panels Required
Panels Passed
Panels Rejected
Bussing
3858
3858
0
Yield at Process
Cumulative Yield
hours over days
ft
Proprietary
Process
3858
3858
Sheeting Lamination
3858 3858
3858 2692
0 1165
Hand
Cutting
2692
2612
81
Inspection
2612
2481
131
100% 84% 100% 70% 97%
86% 84% 82% 70% 68%
Ablation
2481
2283
198
Solar
Testing
2283
2100
183
95% 92% 94%
64% 59% 54%
Process Rate (panels/h)
% Uptime
Setup Time (h)
# Operators
Process Time (h)
Man Hours Required (h)
Non-overlapping Time (h)
Number of Days
Start Time (h)
Total
2 1 2 1 8
Figure 26 - Production Scheduling Tool for Solar Panel Finishing Process.
In yellow: user inputs values to generate output; in blue: important scheduling output values,
including time required for completion of run, and the number and length of coated rolls required; in
grey: conversion factors based on product or process specifications; in purple: historical parameters
for processes from Figure 27; In green: required number of panels to be processed; In orange:
intermediate values used for further calculations; In red: values used for creating Gantt Chart in
Figure 28.
In this tool, the boxes highlighted in yellow are the user input values, the important
calculated output values are highlighted in blue (these include the total working hours and
Final
Output
2100
Final Yield
54%
days required for the entire finishing process of the specified panels, and the number and
length of coated rolls required from the finishing process), the conversion factors based on
product or process specifications are highlighted in grey, the historical parameters
obtained from another worksheet are highlighted in purple, the estimated number of input
panels received from the previous process that are required for processing to meet the
quantity of panels demanded by customers are highlighted in green, the intermediate
values used for further calculations of output values are highlighted in orange, and the
values used to produce the production scheduling Gantt chart (explained later in detail in
Section 5.3.2) is highlighted in red.
To use this tool, the user inputs in the panel type required to be produced, and the
historical parameters for this particular panel type for all processes are displayed in the
worksheet in purple and used in calculations for the production scheduling tool (with
detailed formulae in Section 5.3.1). These historical parameters are located in another
worksheet and shown in Figure 27. The process rate, % uptime and setup time that are
obtained from these historical parameters are displayed in the corresponding rows. The
input values required and how they influence the output are described below.
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The estimated number of panels required (and the number of panels passed and rejected)
at each process are calculated using the historical process yield. During production, this
number can be compared with the actual number of panels received from the previous
process that are required for processing to ensure that there is significant overproduction
or underproduction does not occur (which may be because of unexpected changes in the
process).
Note that for bussing, the proprietary process and sheeting, the process yields are 100%
because panels cannot be removed at these processes. The defective panels are removed
after lamination, so the process yield for lamination is equal to the product of the yields
from coating, bussing, the proprietary process and lamination. The cumulative process
yield at each process is calculated by multiplying the process yield by the previous
cumulative process yield.
Next, input values for the start times of each process relative to its previous process are
specified by the users. If a box is left blank, the process begins only after the previous
process is fully completed. These inputs affect the absolute start time for the processes
(rather than relative to the previous process). Since the processes can start before the
previous processes are complete, this reduces the lead-time required if processes can
operate in parallel. The non-overlapping time between processes is then reduced, which
reduces the production floor time required (labeled as minimum time required) to finish
the entire batch specified in the production schedule. This is highlighted in blue and is an
important output, as the minimum time required to complete the order can be used as a
customer lead-time quote when converted from hours to working days.
The man hours required is calculated from the processing time and number of operators
required required for each process, and these values are used by the logistics manager for
labor resource allocation.
The percentage of panels to be hand cut, visually inspected and solar tested are also
specified in the production schedule. Currently, all of the panels undergo these three
processes, and these values are left at 100%. Otherwise, the processing times are scaled
accordingly.
For processes with multiple machines, which include ablation and solar testing, the usage
of a particular machine can be selected. This affects the processing rate of the machines:
the greater the number of machines, the faster the processing rate. The weighted-average
uptime % and yield % are determined from the machines. Currently, the second laser
ablation machine is not in use, so the historical parameters for that machine are not
available.
The processing time required for each process is calculated based on the uptime, number of
panels required, setup time and process rate. The absolute start time for each process
(rather than relative to the previous process) is calculated based on the input values for the
relative start times and processing time required for the previous process. The non-
overlapping time for a process is equal to the difference between the The minimum time
required for the entire finishing process is displayed. As well, the number of rolls required
and total coated roll length required is also displayed, so the finishing process production
scheduler can signal to the coating scheduler the amount of coated panels needed.
The output length of the coated rolls required is calculated by converting the number of
panels required for the bussing process into the number of feet required in coated roll
format. The number of coated rolls required is calculated by dividing the length of coated
roll required (in blue) by the average length of the coated roll (in grey). This information is
passed along to the coating manager and acts as a signal to produce the required length and
number of coated rolls.
The average coated roll length also affects the process times for the roll-to-roll processes,
which include bussing and the proprietary process, because the entire roll is processed at
once so that the initial process setup is done only once for the roll.
Note that accurate time study data could only be obtained for the 1-20 panel type as of this
writing; hence, the historical parameters for the other panel types have been grayed out,
and accurate time studies must be performed for the other panel types in the future to
maintain this production scheduling tool.
The derivation of the formulae used in this production schedule is detailed in the next
section.
5.3.1 Quantity, Time and Yield Calculations
To calculate the total number of panels required for input for each process, we must begin
the calculations starting from the final process, solar performance testing. To begin, we
determine the number of good panels after solar testing from the following:
Qgood,8 = D * (1 + SS %) (5.2)
Where Qgood,8 is the number of good panels after Process 8 (solar testing), D is the panel
quantity required, and SS % is a safety stock factor to mitigate uncertainties related to
panel supply or demand.
The number of panels required as input for solar testing is affected by the yield of the
process, and this relationship is calculated by the following:
-Qgood,n (3Qinput,n = "y"' (5.3)
n
Where Qinput,n is the number of input panels required for process number n, Qgood,n is the
number of good panels outputted after process number n, and Yn is the fractional panel
yield of process number n (ratio between number of good panels to the total number of
panels).
However, for the bussing, the proprietary process and sheeting processes (n = 1,2,3), even
though there may be defective panels produced in these processes that are accounted for in
the historical yield (Y'), the actual process yield (Yr) is equal to 100%, as no panels are
removed during these processes. Thus,
Y1 = Y2 = Y3 = 100% (5.4)
The defective panels from the coating, bussing, proprietary and sheeting processes can only
be removed once the panels have been laminated. Thus, the actual process yield for
lamination (Y4 ) is equal to the product of the historical process yields for the coating,
bussing, proprietary, sheeting and lamination processes:
Y4 = Y'oating * 1 * 2 * s' * Y4' (5.5)
The actual process yield is equal to the historical yield for n = 5,6,7,8.
The number of panels required by this process then becomes the number of good panels in
the process directly upstream, for example:
Qgood,n-1 Qinput,n (5.6)
The number of input panels required for ablation can be calculated using the same steps as
above.
By back-calculating the number of input panels required and the number of good output
panels at each process, starting from the last process, the initial number of input panels
required at the first process can be calculated.
To determine the number of input panels required at a certain process in the production
line, a general formula can be developed to calculate this value:
8
Qn = D * (1 + SS %) * - (5.7)
k=n
Where Qn is the quantity of input panels required at process number n in the production
line, 8 is the total number of processes (so 8 - n + 1 is the number of processes
downstream of process n), and Yk is the process yield at process k. Note that the historical
yield for the coating process is already accounted for in the lamination process yield.
Another useful quantity to determine is the total yield Ytat a certain process number n
(relative to the initial number of panels produced in the coating process). This can be
calculated in one of two ways, and both are shown below:
n
Ytn = Yk = (5.8)
k=1 Qinput,1
The time required for each process is equal to:
tprocess,n = tsetup,n + Qinputn (5.9)
Where tprocess,n is the total process time, tsetupn is the setup time required, Qinputn is the
input quantity for process number n, rn is the process rate, and Un is the percentage of
uptime for process number n. This data can be found in Figure 27. For the processes which
do not have a setup time, tsetup,nis equal to 0.
However, for the roll-to-roll processes, which include bussing and the proprietary process,
the actual total input Qinput,1, Qinput,2 is modified to account for the fact that the entire roll
must be processed, so the process time is equal to:
tprocess,n = tsetup,n + length of one rl) * rolls required (for n = 1,2) (5.10)
rn * Un
For the ablation and the solar testing processes (n=6,7), there are currently two machines
(m = 1,2) for each process that may be utilized, each with different process rates (rn,m),
uptime percentage (Un,m) and yields (Yn,m). When two machines are utilized
simultaneously, the equivalent process rate is equal to the sum of the process rates of each
machine:
rn = rn,1 + rn,2 (5.11)
The equivalent uptime is equal to the total number of panels produced in a given duration
when each machine's uptime is taken into account (rn1 Un 1 t + rn,2 Un,2 t), divided by the
total number of panels produced when the machines are assumed to have 100% uptime
(rn, 1 t + rn,2 t):
n Un + n,2 Un,2 (5.12)
r, 1 + rn,2
The equivalent yield of the process is equal to the weighted average of the yields for each
machine, weighted by the actual number of panels that are produced in a given duration
(the actual process rate, taking uptime into account):
n,1 Un, Ynl + rn,2 Un,2Yn, 2
T ,1 U 1n + rn,2 Un,2
5.3.2 Gantt Chart Visualization and Start Times
To construct the Gantt chart for visualization of the production schedule for a particular
run, the start time for each process must be determined. For processes which are
sequential (i.e. bussing to the proprietary process to sheeting, lamination to baking), the
start time is simply the process time plus the start time of the previous process. For
processes that can run concurrently (i.e. sheeting and lamination, inspection and ablation
and solar testing), the start time is equal to the previous process' start time plus the waiting
time before starting the next process (set by user). Sheeting and lamination begin
simultaneously and run at the same conveyor speed for roll-to-roll in-line processing,
where lamination occurs almost immediately after sheeting as the panels are passed along
the conveyor belt. The constructed Gantt chart is shown in Figure 28 below.
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Figure 28 - Gantt Chart of Production Schedule for 1-20 Panels Using Data from Production Scheduling
Tool in Figure 26
Since the processes are sequential, the processes must begin and end in order. Thus, if the
user enters a starting time value for a process which causes this process to end before the
previous process, an error will be displayed, and the user will be prompted to enter a
larger value, greater than the minimum value allowed. The minimum value of the starting
time of the process relative to the previous process is equal to:
Minimum Relative Starting Timeprocess n
= Process Timeprocess n-1 - Process Timeprocess n
(5.14)
When this minimum value is used, the current process ends exactly at the same time as the
previous process.
This error is based on the assumption that a process cannot end before the previous
process ends. For example, inspection cannot end before all of the panels have been hand
cut, as all of the hand cut panels must be inspected. This is possible since inspection is a
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faster process than hand cutting. This error is shown in the production scheduling tool in
Figure 29 and in a Gantt chart format in Figure 30 below.
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Inline lamination & sheeting?
% panels hand cut
Start inspection
Start ablation
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Figure 29 - Invalid Schedule: Hand Cutting Ends Before Inspection
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Figure 30 - Gantt Chart for Invalid Schedule: Inspection Ends Before All of the Panels Have Been Hand
Cut
The start times for the Gantt chart for a particular process can be calculated from the
following:
Start Time. = (Start Timen_1 + Time Bef ore Process. Begins) (5.15)
If the time before the current process begins not specified by the operator, the current
process begins only after the previous process is complete. Thus, the start time is equal to:
Start Timen = (Start Timen- 1 + Total Process Time,,_1 ) (5.16)
5.3.3 Output Time Required
To calculate the total time required for run completion, the non-overlapping time of the
processes must be calculated. This is otherwise known as the time duration of the critical
path (outlined in red, refer to Figure 31 below).
Time (h)
Proprietary 0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0
Bussing
Sheeting
Lamination
Inspection
Ablation
Solar Testing
Figure 31 - Critical Path of Production Schedule for Finishing Process (shown in red)
This is calculated from the following formula:
Non - overlapping timeprocess n
= (Start Timen + Process Timen) (5.17)
-(Start Timen_1 + Process Timen_1)
The sum of these non-overlapping times for all 8 processes is equal to the minimum time
required to complete the entire run. In other words:
8
Output Time Required = Non - overlapping timeprocess i (5.18)
5.3.4 Time Study Data for Historical Parameters
For the reasons described in Chapter 4, accurate time study data was difficult to obtain for
all of the product types. However, with 1-20 panels being the most common type of panels
produced (albeit in small batches of 50 panels for process reliability testing), time study
data for 1-20 panels could be obtained for the ablation and solar testing processes.
However, even for 1-20 panels, time studies were not possible for the other processes,
which include bussing, the proprietary process, hand cutting and inspection. Thus, the
setup times and process times were estimated from the operators' experiences and from
the input process rates for the machines if available (these include the bussing and the
proprietary processes).
The results of the time studies are shown in Figure 32 for the ablation process and Figure
33 for the testing process.
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Figure 32 - Time Required to Ablate 50 1-20 Panels from Time Study Performed in Aug. 2011
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Figure 33 - Time Required to Solar Test 50 1-20 Panels from Time Study Performed in Aug. 2011
From these time study results, an average of 25.6 minutes is required to ablate 50 panels of
size 1-20, and an average of 62.6 minutes is required to solar test 50 panels of size 1-20.
This corresponds to an average of 117 panels/h, and the average number of panels per
hour for solar testing is 48 panels/h. The solar testing manual time study result is close to
the number obtained in Section 5.2.2 (46 panels/h), taking into account that the numbers
obtained in Section 5.2.2 were averaged over a longer period of time.
For the bussing and proprietary processes, the machines operate at 10 ft/min, which
translates to 855 modules/h (855 panels/h if the panels consist of 1 module). The sheeting
and lamination process rates in terms of panels/h were calculated previously in Section
5.2.3. Hand cutting and inspection process rates were estimated under the reasonable
assumption (according to operators) that panels can be hand cut and inspected at 2.5 and 3
panels/min respectively.
The uptime percentages for the processes were roughly estimated by the operators based
on their observed reliability, with the lamination uptime percentage being based on the
target for the upcoming fiscal quarter.
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Figure 34 - Gantt Chart for 11-40 Panel
Recall that the equation to calculate the equivalent number of panels per hour for a process
rate measured in feet per minute for the lamination process is as follows:
These values were used for the production schedule calculations in Figure 27.
5.3.5 Production Scheduling for Larger Panels
As seen from Section 5.3.2, the current bottleneck process for small 1-20 panels is the solar
performance testing process, with the ablation process being the next slowest process.
These processes are both manual processes, indicating that manually handling large
quantities of panels increases process time significantly.
However, for larger panels, the lamination process becomes the bottleneck process, as
shown in Figure 34. This is because for the same conveyor belt rate on the lamination
machine, larger area panels (with greater number of modules) equate to slower processing
rates per panel.
mi
panels ft 60 min 1 module 1 panel
-x * * mdule (.9h min h 0.702134 ft nmodules + 0.5 ft * moue f
0.702134 f t
Thus, the number of panels per hour that can be processed is inversely proportional to the
number of modules in a panel.
In the future, if there is greater demand in larger panel products, it is worthwhile to focus
on improving the lamination process. On the other hand, if there is greater demand in
smaller panel products, it is worthwhile to focus on improving the manual labor processes.
Chapter 6: Conclusions and Recommendations
As Konarka Technologies grows into a high-volume manufacturing facility, both Konarka
employees and the project team has found that a reliable information system was essential
for tracking large volumes of work-in-process inventory. In the past, the company had
experienced issues in inventory accountability, resulting in inaccuracies of up to two weeks
in predicted product delivery dates. With the aid of Konarka employees, the team has
designed an automatic inventory tracking system schematic and recommended the
purchase of the barcode readers necessary for the system. The barcode readers are now in
the process of being installed at each station in the finishing process, and the barcode
database development is nearing completion. The transition from paper-based inventory
records to an automatic tracking system is crucial in the long-term for much improved
management of inventory as well as production data.
Using this production data, statistical analysis tools has been developed by the author
which has been used to extract and analyze the production data that were automatically
collected by the barcode system. For the processes which had a barcode reader installed,
which include the lamination and solar performance testing processes, time and yield data
was collected. The resulting data was proven to be reliable based on comparisons with
manual time study data: for the solar testing process, the process rate was calculated to be
46 panels/h from the barcode system, and 48 panels/h from the manual time study. As
well, the yield data can be useful for root cause analysis for the defective panels based on
the type of quality defect, and using the barcode tracking system can provide reliable and
quick information for this analysis.
Using this data, a control chart has also been developed for the lamination process using
the barcode time stamp data. Using the upper control limit of 13.9s for the barcode reading
time difference between panels, it was determined that the average run length for a test
run of the lamination process before this limit is exceeded is about 12, which is much lower
than the in-control ARL value of 370.4, This indicates that systematic or special causes of
variation have occurred and require further investigation.
This statistical data has been useful in the development of the production scheduling tool,
as it relies heavily on past historical data. In conjunction with the manual time study data
collected by the Konarka shop floor operators and the data collected from the barcode
database, a comprehensive and an easy-to-update production scheduling tool was
developed, and a Gantt chart was developed using this tool to better visualize the
production schedule. The logistics manager for the finishing process has been receptive of
this scheduling tool after it has went through several iterations and will be using this tool
to aid in production scheduling and lead-time predictions in the future. As more production
data is collected and the processes improve, the production scheduling tool can be updated
using the yield and time data collected from the barcode database.
Through the course of this thesis project, the project team has developed and implemented
numerous productivity tools that were described in this thesis as well as other operational
improvement tools described in Gong's, Gogineni's and Colaci's theses [1-3] with the
support of Konarka employees. However, to ensure that these improvement tools remain
relevant once production ramps-up, it is highly recommended that these tools are
consistently used and maintained.
The tracking system schematic (as well as the operator interface) was developed, but it is
strongly recommended that the full implementation of the inventory tracking system on all
processes is completed as soon as possible. This allows for accurate time study programs to
be developed to better understand the process capabilities and areas for improvement
through data summary tables and graphs. For example, through the solar performance
testing results, it was determined that the soak time, rather than the time required for
making the electrical connections, accounts for the majority of the time required for testing
larger panels. Thus, if the soaking procedure can be optimized or performed in-line, this
will significantly reduce the amount of time required. Moreover, the processes can be
monitored through process control charts, and if a variation in the process occurs, they can
be eliminated quickly.
From the production schedule and time study data, accurate lead-time predictions and the
resources required to produce a certain quantity of panels can be determined. However,
the production schedule also gives useful information about the processes themselves. It
was determined that the manual processes (mainly ablation and solar testing) are the
bottleneck processes for small panels. However, for larger panels, the bottleneck process is
the lamination process, since the process rate is inversely proportional to the panel size. If
it is determined that if Konarka's future focus is on the production of larger panels, it is
recommended that the lamination rate is increased as soon as possible. However, if the
focus of production is on smaller panels, then it is recommended that the manual ablation
and solar testing processes are improved either through improvements in the current
procedure, or through incorporating these processes in-line.
It is the hope of the author and the project team that the Continuous Improvement and lean
manufacturing cultures are further developed through the use of these productivity and
operational improvement tools to boost the company's productivity to unprecedented
levels.
Chapter 7: Future Work
Once the barcode inventory tracking system is online, this system must be tested for
robustness through comparison of the inventory data on the Kanban information board
that was concurrently developed [1]. In the future, if it has been proven that the barcode
system is reliable, the Kanban information board can be digitized using the information
from the barcode system to create an automatically updating information sharing tool. The
automated physical tagging of defective panels can be implemented through vision systems
such that the defective panels can be easily seen downstream during the sheeting process.
If these defective panels are replaced with good panels during the sheeting process
(through the use of a buffer of good panels), the final yield can be increased, and processing
times can be decreased.
The framework for the statistical analysis of the other processes using the automatically
collected barcode data should be developed once the barcode system is online to collect
reliable time study data. Moreover, control charts for both yield and time for each process
can be developed to monitor the variability of each process and for easier determination of
assignable causes of variation.
The production scheduling tool should be updated with up-to-date time study data for the
other current product types as well as for any other future product types. The predicted
lead-time and amount of resources compared should be compared to actual values to
determine whether the tool can be used reliably for future orders or requires further
refinement.
In the future, the panel cutting, ablation and solar performance testing processes should be
incorporated in-line to automate these processes and eliminate manual handling if
possible, as this will decrease the lead-time of the products significantly.
References
[1] Gong, M., 2011, "Production Information Tracking and Sharing in Organic Photovoltaic
Panel Manufacturing", MEng thesis, Massachusetts Institute of Technology, Cambridge, MA.
[2] Gogineni, S., 2011, "Design and implementation of a continuous improvement
framework, focusing on material and information flow, for the manufacturing of Organic
Photovoltaics", MEng thesis, Massachusetts Institute of Technology, Cambridge, MA.
[3] Colaci, G., 2011, "Design and Implementation of a Continuous Improvement Framework
for an Organic Photovoltaic Panels Manufacturer", MEng thesis, Massachusetts Institute of
Technology, Cambridge, MA.
[4] Konarka Technologies, http://www.konarka.com (accessed July 2011).
[5] REN21, 2011, "Renewables 2011 Global Status Report", REN21 Secretariat, Paris,
France.
[6] Chopra, K.L., Paulson, P.D., and Dutta, V., 2004, "Thin-Film Solar Cells: An Overview",
Prog. Photovolt: Res. Appl., 12(2-3), pp. 69-92.
[7] Green, M.A., Emery, K., Hishikawa, Y., "Solar Cell Efficiency Tables (version 36)", Prog.
Photovolt: Res. Appl., 18, pp. 346-352.
[8] Piasecki, D.J., 2003, Inventory Accuracy: People, Processes & Technology, Ops Publishing,
Kenosha, WI.
[9] Liker, J., 2003, The Toyota Way: 14 Management Principles from the World's Greatest
Manufacturer, First Edition, McGraw-Hill, New York, NY.
[10] Womack, J.P., Jones, D.T., and Roos, D., 1990, The Machine That Changed the World,
Harper Perennial, New York, NY.
[11] Ford, H., and Crowther, S., 1922, My Life and Work, Garden City, New York, NY.
[12] Holweg, M., 2007, "The genealogy of lean production", Journal of Operations
Management, 25(2), pp. 420-437.
[13] May, G.S., and Spanos, C. J., 2006, Fundamentals of Semiconductor Manufacturing and
Process Control, Wiley-Interscience, Hoboken, NJ.
[14] Montgomery, D.C., 2003, Introduction to Statistical Quality Control, Sixth Edition, John
Wiley & Sons, Indianapolis, IN.
[15] "Optimizing the Performance of Your Control Charts", Minitab,
http://www.minitab.com/en-US/training/tutorials/accessing-the-power.aspx?id= 1738
(accessed July 2011).
[16] Hardt, D.E., and Boning, D.S., 2011, "Hypothesis Testing and Shewhart SPC Charts",
2.830 Control of Manufacturing Processes Lecture 7, Massachusetts Institute of
Technology, Cambridge, MA.
[17] "Changing system parameters", Renewable Resource Data Center, National Renewable
Energy Laboratory, http://rredc.nrel.gov/solar/calculators/PVWATTS/system.html
(accessed July 2011).
[18] Ruffa, S.A., and Perozzello, M.J., 2000, Breaking the Cost Barrier: A Proven Approach to
Managing and Implementing Lean Manufacturing, John Wiley & Sons, Indianapolis, IN.
[19] "Present your data in a Gantt chart in Excel", Microsoft Corporation,
http://office.microsoft.com/en-us/excel-help/present-your-data-in-a-gantt-chart-in-excel-
HA010238253.aspx (accessed July 2011).
[20] "SR-600 Series Ultra-Compact 2D Code Reader", Keyence Systems,
http://www.keyence.com/products/barcode/barcode/sr600/sr600.php (accessed July
2011).
[21] "LDS4620 Cordless Model Hand Held Etched 2D Image Reader", InData Systems,
http://www.uvreaders.com/pdfs/products/LDS4620.pdf (accessed July 2011).
[22] "InData Systems Hawkeye 2020", InData Systems,
http://www.uvreaders.com/pdfs/Hawkeye_2020_brochureb.pdf (accessed July 2011).
[23] Kasap, S.O., 2001, Optoelectronics and Photonics: Principles and Practices, Prentice Hall,
Upper Saddle River, NJ.
[24] "Minitab: Software for Quality Improvement", Minitab Inc., http://www.minitab.com
(accessed Aug 2011).
Appendix
Appendix A: SQL Code for Lamination Analysis
IF OBJECT ID ('tempdb..##tempLaminator') IS NOT NULL
DROP TABLE ##tempLaminator
;WITH tblDifference AS
SELECT Row Number() OVER (PARTITION BY ProcessRunNumber ORDER BY SequenceId) AS
RowNumber, ProcessRunNumber, PanelID, ReadDate, NumOfModules FROM BarCodeLaminator
-- The actual query
SELECT
Cur.ProcessRunNumber,
Cur.RowNumber,
Cur.ReadDate,
CASE
WHEN datediff(day, Prv.ReadDate, Cur.ReadDate) = 0 THEN -- When consecutive panels are
made on the same day
datediff(ms, Prv.ReadDate, Cur.ReadDate)/1000.0 -- Takes the difference in time
(in seconds) between consecutive panels to 3 decimal places
ELSE NULL -- Return NULL if they are on separate days
END AS TimeDiff,
CASE
WHEN datediff(day, Prv.ReadDate, Cur.ReadDate) = 0 AND convert(decimal(10,3),
datediff(ms, Prv.ReadDate, Cur.ReadDate)/1000.0) < 30 THEN
datediff(ms, Prv.ReadDate, Cur.ReadDate)/1000.0
ELSE NULL -- Return NULL if they are on separate days
END AS InControl,
CASE
WHEN datediff(day, Prv.ReadDate, Cur.ReadDate) = 0 AND convert(decimal(10,3),
datediff(ms, Prv.ReadDate, Cur.ReadDate)/1000.0) > 30 THEN
datediff(ms, Prv.ReadDate, Cur.ReadDate)/1000.0
ELSE NULL -- Return NULL if they are on separate days
END AS OutOfControl, -- If difference in time is less than a minute, consider as okay
Cur.NumOfModules
INTO ##tempLaminator
FROM tblDifference Cur Left Outer Join tblDifference Prv
ON Cur.RowNumber=Prv.RowNumber+l AND Cur.ProcessRunNumber=Prv.ProcessRunNumber
ORDER BY Cur.ReadDate
GO
DECLARE @ftToModule real
SET @ftToModule = 0.702134 -- ft / module
;WITH tblBarcode AS
SELECT
ProcessRunNumber,
min(ReadDate) AS StartReadDate,
max(ReadDate) AS EndReadDate,
count(*) AS TotalCount,
avg(InControl) AS avgInCtrl,
stdev(InControl) As stdevInCtrl,
count(InControl) AS countInCtrl,
sum(OutOfControl)/60 AS totalOOC,
count(OutOfControl) AS numOOC
FROM ##tempLaminator
GROUP BY ProcessRunNumber
SELECT
lp.ProcessRunNumber,
convert(varchar, lp.StartDateTime, 121) AS StartTime,
datediff(ss, lp.StartDateTime, tb.StartReadDate) / 60.0 AS SetupTime,
convert(varchar, lp.EndDateTime, 121) AS EndTime,
datediff(ss, lp.EndDateTime, tb.EndReadDate) / 60.0 AS CleanupTime,
lp.ConveyorSpeed AS ConvSpd,
lp.ConveyorSpeed / @ftToModule AS ModPerMin,
tb.TotalCount AS TotalPanels,
tb.avgInCtrl,
tb.stdevInCtrl,
tb.CountInCtrl,
tb.totalOOC,
tb.numOOC
--ip.LaminatorSpeed
FROM LaminatorParameters lp INNER JOIN tblBarcode tb ON lp.ProcessRunNumber = tb.ProcessRunNumber
ORDER BY tb.StartReadDate
Appendix B: SQL Code for Solar Test Analysis
IF OBJECT ID ('tempdb. .##tempSolarTest') IS NOT NULL
DROP TABLE ##tempSolarTest
;WITH tblDifference AS
SELECT Row Number() OVER (PARTITION BY convert(nvarchar,ReadingDate,ll), MachineName
ORDER BY ReadingDate) AS RowNumber, convert(nvarchar,ReadingDate,l) AS mmddyy, ReadinqDate,
MachineName, AreaCm2, AreaCm2/475 AS PanelSize, Lanes FROM SolarData WHERE ExcludeFromReports
'TRUE'
-- The actual query
SELECT
Cur.RowNumber,
Cur.MachineName,
Cur.AreaCm2,
-- Cur.Lanes,
-- Cur.PanelSize,
Cur.mmddyy,
Cur.ReadingDate,
CASE
WHEN datediff(day, Prv.ReadingDate, Cur.ReadingDate) = 0 AND convert(decimal(10,3),
datediff(ms, Prv.ReadingDate, Cur.ReadingDate)/1000.0) < 30*60 THEN -- When consecutive panels
are made on the same day
datediff(ms, Prv.ReadingDate, Cur.ReadingDate)/1000.0 -- Takes the difference in
time (in seconds) between consecutive panels to 3 decimal places
ELSE NULL -- Return NULL if they are on separate days
END AS TimeDiff,
CASE
WHEN datediff(day, Prv.ReadingDate, Cur.ReadingDate) = 0 AND convert(decimal(10,3),
datediff(ms, Prv.ReadingDate, Cur.ReadingDate)/1000.0) < 5*60 THEN
datediff(ms, Prv.ReadingDate, Cur.ReadingDate)/1000.0
ELSE NULL -- Return NULL if they are on separate days
END AS PanelTime, -- If difference in time is less than 5 min, consider as test time
CASE
WHEN datediff(day, Prv.ReadingDate, Cur.ReadingDate) = 0 AND convert(decimal(10,3),
datediff(ms, Prv.ReadingDate, Cur.ReadingDate)/1000.0) > 5*60 AND convert (decimal(10,3),
datediff(ms, Prv.ReadingDate, Cur.ReadingDate)/1000.0) < 30*60 THEN
datediff(ms, Prv.ReadingDate, Cur.ReadingDate)/1000.0
ELSE NULL -- Return NULL if they are on separate days
END AS SoakTime, -- If difference in time is 5-30min, consider as soak time
CASE
WHEN datediff(day, Prv.ReadingDate, Cur.ReadingDate) = 0 AND convert(decimal(10, 3 ),
datediff(ms, Prv.ReadingDate, Cur.ReadingDate)/1000.0) > 30*60 THEN
datediff(ms, Prv.ReadingDate, Cur.ReadingDate)/1000.0
ELSE NULL -- Return NULL if they are on separate days
END AS BreakTime -- If difference in time is greater than 30min, consider as setup time
INTO ##tempSolarTest
FROM tblDifference Cur Left Outer Join tblDifference Prv
ON Cur.RowNumber=Prv.RowNumber+l AND Cur.mmddyy = Prv.mmddyy AND Cur.MachineName
Prv.MachineName
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-- WHERE convert(nvarchar,Cur.ReadingDate,2) IN
('06/28/11', '06/08/11', '06/21/11', '06/22/11', '06/22/11', '06/14/11')
WHERE Cur.ReadingDate BETWEEN '20110601' AND '20110701'
ORDER BY Cur.mmddyy, Cur.MachineName, Cur.ReadingDate
-- SELECT * FROM ##tempSolarTest
-- SELECT TOP 5 * FROM (SELECT convert(nvarchar, ReadingDate, 1) AS mmddyy,
count(convert(nvarchar, ReadingDate, 1)) AS countDate FROM SolarData GROUP BY convert(nvarchar,
ReadingDate, 1)) X ORDER BY X.countDate DESC
SELECT
MachineName,
mmddyy,
-- min(ReadingDate) AS StartReadDate,
-- max(ReadingDate) AS EndReadDate,
min(AreaCm2) AS minSize,
max(AreaCm2) AS maxSize,
avg(AreaCm2) AS avgSize,
count(*) AS NumPanels,
count(SoakTime) AS NumSoaks,
count(BreakTime) AS NumBreaks,
CASE
WHEN count(SoakTime) != 0 THEN 1.0*count(TimeDiff)/count(SoakTime)
ELSE NULL
END AS PanelsPerSoak,
datediff (mi, min(ReadingDate), max(ReadingDate) )/60.0 AS TotalHours,
sum(PanelTime)/60/60 AS TotalPanelHours,
sum(SoakTime)/(60.0*60.0) AS TotalSoakHours,
sum(BreakTime)/(60.0*60.0) AS TotalBreakHours,
-- TotalHours - TotalBreakHours
datediff(mi, min(ReadingDate), max(ReadingDate))/60.0 - sum(BreakTime)/(60.0*60.0) AS
TotalActualHours,
avg(TimeDiff) AS SecondsPerPanel,
60.0*60.0/avg(TimeDiff) AS PaneisPerHour,
avg(PanelTime) AS AvgTestTimeSecs,
avg(SoakTime)/60.0 AS AvgSoakTimeMins
FROM ##tempSolarTest
GROUP BY mmddyy, machineName
ORDER BY mmddyy, machineName
DROP TABLE ##tempSolarTest
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Appendix C: Barcode System for Finishing Process
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Keyence SR-600 barcode reader optics
Keyence SR-600 device and interface
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Appendix D: Operator Interface for Barcode System
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